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Abstract 
Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous environmental 
pollutants and many of them are known to be carcinogenic, mutagenic and 
immunotoxic. They create great attention to scientific research, especially on their 
impact on the environment and public health. Vehicle exhaust has been proved as a 
very important source of PAHs and the vehicle traffic is very heavy in Hong Kong. 
So it is useful to study PAHs in the roadside environment in Hong Kong. The pattern 
of PAHs in roadside soils in Hong Kong, and their relationships with soil properties 
have not been fully understood. Few studies focused on the seasonal changes and 
vertical and horizontal distribution of PAHs in soil, especially in roadside soil. There 
is also a lack of information on PAHs in roadside dusts and vegetation, especially in 
the local context. Therefore this study aimed to investigate PAH contamination in 
roadside soils, vegetation and dusts in Hong Kong. This study is divided into the 
following three parts. 
In the first part, PAH contents and their seasonal variations in roadside soils 
were examined in Hong Kong. Results demonstrated that there were low levels of 
PAH contaminations (0.250-174 [ig/kg for individual PAHs). The most abundant 
PAHs were phenanthrene, fluoranthene, pyrene and chrysene, which is typical of 
soils in which PAHs mainly came from vehicle exhaust, but there were no 
correlations between PAH contents and annual average daily traffic (AADT), which 
was probably because AADT was not a good indicator of vehicle emission, and their 
relationships were masked by soil organic matter (SOM) contents. There were 
significant correlations (p<0.05) among soil PAH and SOM contents, but 
correlations between soil PAH contents and other soil physicochemical parameters 
were hardly significant. The seasonal fluctuation of soil PAH contents were small, 
while most PAHs had the highest values in summer probably because of heavy 
rainfall. 
In the second part, the PAH contents of roadside vegetation, dusts and soils in 
Hong Kong and their relationships were studied. The soil and dust PAH contents 
were relatively low but vegetation PAH contents were of medium levels. The most 
abundant were the 4-ring PAHs in soils and 3-ring PAHs in dusts and vegetation. 
The major source of PAHs in roadside soil was liquid fossil fuel combustion but 
those in dust and vegetation were hard to distinguish, implying that the PAHs in dust 
and vegetation PAHs might come from multiple sources. The relationship of 
vegetation, dust and soil PAH contents were poor and only a few of them had 
significant correlations (p<0.05), which were probably because PAH uptake by 
plants was affected by a variety of factors and some dust samples were contaminated 
by vegetation fragments. 
In the third part, the vertical and horizontal distribution of roadside soil PAHs 
were examined in Hong Kong and the influences of PAHs on the microbial 
characteristics of roadside soil were studied. The soil PAH contents generally 
decreased with increasing depths and distances from road, although there were few 
significant (p>0.05) variances among them. The distribution of roadside soil PAHs 
was mainly affected by SOM，especially their vertical distributions. The influences 
of soil PAHs on soil microbial characteristics were positive and most of them were 
significant (p<0.05), which were probably because that soil PAHs could be used by 
soil microbes as a source of carbon and energy, but their influences may be affected 
by SOM. 
Overall, this research provided information on the pollution situation ofPAHs in 
roadside soils, vegetation and dusts in Hong Kong, and their relationships with soil 
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Chapter 1 Introduction 
Chapter 1 Introduction 
1.1 Background 
1.1.1 Physicochemical properties of polycyclic aromatic hydrocarbons 
Polycyclic aromatic hydrocarbons (PAHs) are a class of diverse organic 
compounds that contain two or more fused aromatic rings of carbon and hydrogen 
atoms, have planar structures, and come in a wide variety of shapes and sizes (Figure 
1.1). There are various kinds of PAHs, but in this study only the following 16 PAHs 
that the United States Environmental Protection Agency (US EPA) has identified as 













Ben2O(a]pyr0ne lncIeno[1,2,3-c,d]pyrene Benzo[g,h,ilperylene Dib6nz[a.h]anthracena 
Figure 1.1 Molecular structure of the 16 PAHs considered as priority pollutants by 
the US EPA (Amir et al., 2005) 
Chapter 20 Introduction 
phenanthrene, anthracene, fluoranthene, pyrene, benzo(a)anthracene, chrysene, 
benzo(b)fluoranthene, benzo(k)fluoranthene, benzo(a)pyrene, indeno-(l ,2,3-cd)-pyrene, 
dibenzo(a,h)anthracene, benzo(g,h,i)perylene, which is because of their higher 
toxicity, potential for human exposure, available information and frequency of 
occurrence and concentration at the National Priorities List (NPL) hazardous waste 
sites than the others (ATSDR, 1995). The numbers of PAH rings are counted by two 
ways: one only counts the aromatic (six sided) rings (Kipopoulou et al.，1999; Chung 
et al., 2007) and the other counts all the rings (ATSDR, 1995; Smith and Harrison, 
1998; Trapido, 1999; Rost et al., 2002; Zhang et a l , 2006; Hassanien and 
Abdel-Latif, 2007; Wang et al., 2007); in this study the latter was used. 
PAHs are usually found as a mixture containing two or more of these 
compounds. The pure PAHs generally are colorless, white or pale yellow-green 
solids and can have a faint and pleasant odor (ATSDR, 1995; HSDB, 2006). 
Generally, the vapour pressures of PAHs range from 1 0 ' ^ - m m Hg at normal 
temperature so they belong to semivolatile organic compounds (Table 1.1). Their 
polarities are relatively low owing to their ringy structures that are only bonded by 
carbon and hydrogen; they belong to nonpolar compounds which have relatively low 
solubility in water but are highly lipophilic and have very high melting and boiling 
points. They have intrinsic chemical stability and high recalcitrance to different types 
of degradation due to their large negative resonance energy (Mueller et a l , 1996; 
Alexander, 1999). 
The octanol-water partition coefficient (Kqw) is defined as the equilibrium ratio 
of the concentration of a chemical in octanol to that in the aqueous phase of a two 




















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Chapter 22 Introduction 
an organic chemical to move from water into lipid and correlated with 
bioconcentration in aquatic organisms. The KowS of the 16 PAHs are relatively high 
which also indicate they are highly lipophilic. The organic carbon partition 
coefficient (Kqc) is defined as the equilibrium ratio of the amount of a chemical 
adsorbed per unit weight of organic carbon in the soil or sediment to the 
concentration of the chemical in solution and can indicate the potential of the 
chemical to bind to organic carbon in soil and sediment. The relatively high KocS of 
the 16 PAHs suggest they easily adsorb to organic carbon in soil and sediment. The 
Henry's law constant (He) describes the partitioning of a compound between a 
solution and the air above it and indicates the tendency for the chemical to move 
from the aqueous phase to the gas phase (Wild and Jones, 1992; ATSDR, 1995). The 
HcS of the 16 PAHs range from 10'^-10'^ atm-nrVmol also indicating they belong to 
semivolatile organic compounds. On the whole, the melting and boiling points, Kow 
and Koc increase, while the vapor pressure, aqueous solubility and He decrease with 
increasing molecular weight of PAHs. 
1.1.2 Sources of PAHs 
PAHs are ubiquitous environment pollutants, which are formed mainly as a 
result of pyrolytic processes, especially the incomplete burning of coal, oil，gas, 
wood, garbage and other organic substances (ATSDR, 1995). They come from both 
natural and anthropogenic sources. Natural sources include natural processes such as 
carbonization, forest fires and microbiological synthesis. The major source is 
anthropogenic emissions in the environment (See Table 1.2) such as combustion of 
fossil fuels in power plants, domestic heating, waste incineration, industrial processes 
and motor vehicle exhaust (Bjorseth and Ramdahl, 1985; Tan and Quanci, 1992; Yue 
et al, 2003; Zhan and Zhou, 2003). 
Chapter 1 Introduction 
Table 1.2 Annual emissions of PAH in Europe per source category in 1990 (adapted 
from Berdowski et al.，1997). 
Source category PAHs (t/y) 
Fuel combustion (excluding transport) 
Production processes: 
Iron and steel industry 
Non-ferrous metal industry 




Road transport combustion 














Many studies suggested vehicle exhaust was the major source of PAHs in urban 
areas (Black et a l , 1980; Lee and Lewis, 1980; Baek et al., 1991; Harrison et a l , 
1996; Nielsen, 1996; Lim et al., 1999; Nielsen et al., 1999; Simcik et al., 1999; 
Trapido, 1999; Zhu et al” 2000; Ho and Lee, 2002; Ho et a l , 2002). Nielsen (1996) 
indicated the major PAH source in the street was the traffic, and the street air PAH 
profile was very close to the city traffic emission profile; the traffic contribution was 
estimated to be 80% in the street and the PAH contribution from diesel vehicles was 
about 2/3 of the total PAH traffic contribution. Harrison et al. (1996) showed that 
80% benzo(a)pyrene in the atmosphere came from the traffic of city. Chang et al 
(2006) suggested atmospheric PAHs concentrations were highest in areas of traffic， 
followed by the urban sites, and lowest in rural sites in Asia. 
1.1.3 Toxicity of PAHs 
PAHs are known for their significant environment risk and adverse effects on 
human health. The Department of Health and Human Services (DHHS), the 
5 
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International Agency for Research on Cancer (lARC) and US EPA have determined 
that many PAHs are carcinogenic and mutagenic (ATSDR, 1995). There are many 
other reports on the carcinogenic, mutagenic and immunotoxic effects of PAHs that 
are detrimental to human health (Bjorseth and Ramdahl., 1985; Menzie et al, 1992; 
Nauss, 1995; Mastrangelo et al., 1996). Studies in animals have shown that PAHs 
could cause harmful effects on skin and body fluids, and adverse haematological 
effects were observed in animals following oral exposure to high doses of PAHs 
(ATSDR, 1995; HSDB, 2006). Toxicities of PAHs have also been reported in plants 
(Ren et al., 1994; Ren et al., 1996; Mallakin et al., 1999) and microalgae 
(Warshawsky et al., 1995). Lethal dose (LD50) is the dose of a chemical which has 
been calculated to cause death in 50% of a defined experimental animal population. 
The LD50 of rat by oral administration, US EPA carcinogenicity classification and 
toxicology equivalent factor of the 16 PAHs considered as priority pollutants by the 
US EPA are shown in Table 1.3. The PAHs in this study are confirmed to be 
carcinogenic according to the US EPA carcinogenicity classification. 
1.1.4 Fate of PAHs in environment 
PAHs are ubiquitous environmental pollutants and tend to accumulate in 
different environmental compartments. PAHs in different media, including 
atmosphere, water, soil, sediment, dust and vegetation, have been largely 
investigated in many countries (Tables 1.4-1.9). In the atmosphere, PAHs are subject 
to short- and long-range transport and are removed by wet and dry deposition onto 
soil, water and vegetation (Figure 1.2) (ATSDR, 1995; Cousins et a l , 1999a; 
Lehndorff and Schwark, 2004; HSDB, 2006). In surface water, PAHs can volatilize, 
photolyze, oxidize, biodegrade, bind to solid particles (such as suspended particles 
and sediments), but most attach to solid particles and settle to the bottoms of rivers or 
Chapter 25 Introduction 
lakes. In sediments, PAHs can biodegrade or accumulate in aquatic organisms. In 
soil, PAHs can be adsorbed, migrated, transformed and degraded, but chiefly 
adsorbed to and persist in soil or volatilize to atmosphere, leach to groundwater and 
be taken up by vegetation (Table 1.10). As persistent organic pollutants (POPs) in the 
environment, PAHs have long half-lives in various media (Tables 1.11-1.12). The 
Table 1.3 Lethal dose, carcinogenicity classification and toxicology equivalent factor 
of thel6 PAHs considered as priority pollutants by the US EPA (ATSDR, 1995; 
HSDB, 2006). 
PAHs LDso rat (oral in US EPA Toxicology 
mg/kg)a carcinogenicity equivalent factor 
classification^ (TEF)e 
Naphthalene 490 C 0.001 
Acenaphthylene 1760b D 0.001 
Acenaphthene 2100b No data 0.001 
Fluorene 2000 D 0.001 
Phenanthrene 1800 D 0.001 
Anthracene 4900b D 0.01 
Fluoranthene 2000 D 0.001 
Pyrene 2700 D 0.001 
Benz(a)anthracene >200 B2 0.1 
Chrysene >320� B2 0.01 
Benzo(b)fluoranthene 72 B2 0.1 
Benzo(k)fluoranthene No data B2 0.1 
Benzo(a)pyrene 250� B2 1 
Indeno(l，2，3-c，d)pyrene No data B2 0.1 
Dibenz(a,h)anthracene No data B2 5 
Benzo(g，h，i)perylene No data D 0.01 
The dose of a chemical which has been took orally to kill 50 % of rats. 
The dose of a chemical which has been took orally to kill 50 % of mice. 
The dose of a chemical which has been took intraperitoneal to kill 50 % of mice. 
1 B2: probable human carcinogen, C: possible human carcinogen, D: not classifiable 
as to human carcinogenicity. 
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Figure 1.2 Generalized model of PAH migration and distribution in environment 
(modified from Cousins et al.，1999a and Lehndorff and Schwark, 2004). 
Table 1.11 Estimated half-lives of some PAHs in various environmental media 
(adapted from Mackay et al., 1992). 





































The means and ranges of half-lives for different classes are showed in Table 1.12. 
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Table 1.12 Mean and range of half-lives for different classes (adapted from Mackay 
e t a l , 1992). 
Class Half-lives (hours) 
Mean Range 
1 5 <10 
2 17 (1 day) 10-30 
3 55 (2 days) 30-100 
4 170 (1 week) 100-300 
5 550 (3 weeks) 300-1000 
6 1700 (2 months) 1000-3000 
7 5500 (8 months) 3000-10000 
8 17000 (2 years) 10000-30000 
9 55000 (6 years) >30000 . 
fate of PAHs in the environment is determined to a large extent by their 
physicochemical properties such as aqueous solubility, vapor pressure and He. 
Generally, PAHs with higher Kow and Koc and lower aqueous solubility, vapor 
pressure and He would be more hardly volatized, leached, migrated and degraded 
and have longer half-lives (ATSDR, 1995; Cousins et al.，1999a; Zhan and Zhou, 
2003; Joner et al., 2004; Lehndorff and Schwark, 2004; HSDB, 2006). 
In the atmosphere, PAHs are present in the gaseous phase or sorbed to 
particulates, which depends on the vapor pressure and concentration of the PAH, 
affinity of the PAH for the atmospheric suspended particles (Koc), nature and 
concentrations of the particles, and atmospheric temperature. PAHs can react with 
pollutants such as ozone, nitrogen oxides and sulfur dioxide, yielding diones, nitro-
and dinitro-PAHs, and sulfonic acids, respectively, which can be more toxic than the 
original compounds (Baek et al. 1991; ATSDR, 1995). When dissolved in water or 
adsorbed on particulate matter, PAHs can undergo photodecomposition, chemical 
oxidation, biodegradation by aquatic microorganisms and hydrolysis. In soil and 
15 
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sediment, 'the degradation of PAHs includes biodegradation, such as microbial 
(bacterial and fungal) degradation, and abiotic release, such as photodegradation, 
hydrolysis and oxidative decomposition (Wild and Jones, 1992; Cousins and Jones, 
1998; Cousins et al., 1999a; Hwang and Cutright, 2003; Zhan and Zhou, 2003; Joner 
et a l , 2004; Johnsen et al., 2005). Besides the properties of PAHs, their fate in soil 
are affected by soil and sediment physicochemical properties (such as organic matter 
content, bulk density, moisture content, texture, structure and porosity) and 
environmental conditions (such as atmospheric humidity, surface temperature, air 
movement over the soil surfaces, vegetation cover and plant species) (Wilcke et a l , 
1996; Cousins et al., 1999a; Amellal et al., 2001; Mulder et a l , 2001; Hwang and 
Cutright, 2003; Gao and Zhu, 2004; Saison et a l , 2004). 
1.1.5 Soil physicochemical and microbiological properties 
Soil physicochemical properties (moisture, pH, electrical conductivity (EC), 
organic matter (SOM) and texture) and microbial characteristics (soil microbial 
biomass carbon, microbial communities and enzyme activities) indicate the soil 
quality and soils with different pollution history are preliminary characterized in 
terms of their physicochemical and microbial properties (Dick et al., 1996; Dilly and 
Munch, 1998; Harris, 2003; Schloter et a l , 2003; Andreoni et al., 2004). Soil 
physicochemical properties, such as SOM, clay content and physical structure, affect 
the deposition and vertical distribution of PAHs (He et al., 1995; Cousins et al., 
1999a; 1999b; Wilcke et al., 1999; Amellal et a l , 2001; Raymond et al., 2001; Thiele 
and Brummer, 2002; Chen et a l , 2003; Chen et a l , 2005; Tang et a l , 2005; Yu et a l , 
2006). Soil microbial characteristics are common bioindicators of soil health (Van 
Beelen and Doelman, 1997; Dilly and Munch, 1998; Margesin et al., 2000a; 2000b; 
Harris, 2003). Soil microbes are very sensitive to low concentrations of pollutants 
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and rapidly respond to soil perturbation, and the variance of soil quality would cause 
the alteration of their activities and diversities (Kennedy and Smith, 1995; Dick et al., 
1996; Dilly and Munch, 1998; Suter et al., 2000; Schloter et al., 2003; Andreoni et al , 
2004). 
1.1.6 Geography and climate of Hong Kong 
Hong Kong is located at 22°08'-22°35' N, 113°49'-114°31' E, east of the Pearl 
River Estuary, in the southeastern coast of China. It consists of four parts: Hong 
Kong Island, Kowloon, New Territories and outlying islands. Although located 
within the tropics, Hong Kong's climate is subtropical monsoon, tending towards 
temperate for nearly half the year; cool and dry in winter (from Dec to Feb), hot and 
rainy in summer (from May to Sep), warm and sunny in autumn. The mean annual 
rainfall was 2,383 mm from 1971 to 2000 and about 80% of the rain falls in summer. 
The wettest month is Aug and the driest is Jan (Hong Kong Observatory, 2005). 
1.1.7 Traffic status in Hong Kong 
The total area of Hong Kong is just 1,100 km^. As an important commercial 
metropolitan city, Hong Kong is one of the most densely populated places in the 
world and the density of population is 6,300 persons/km^. The vehicle traffic is very 
heavy; there were 540,641 vehicles licensed in Hong Kong at the end of 2005, 
representing an increase of 1.5% when compared with the figure in 2004. Although 
there were total 1,956 km trafficable roads in Hong Kong, during 2005, road travel in 
the territory amounted to 30.7 million vehicle-kilometers per day and the average 
kilometrage per day per licensed vehicle was 57.1 km (Traffic and Transport Survey 
Division, 2006). 
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1.1.8 Research status in Hong Kong 
Some studies (Zheng et al.，1997; Panther et al., 1999; Lee et al.，2001; Ho et 
al.，2002; Ho and Lee, 2002) were done on the PAHs in atmosphere, aerosol and 
sediment and a few studies (Zhang et a l , 2006; Chung et al., 2007) were on the soil 
PAHs in Hong Kong (Tables 1.4，1.6 and 1.7)，which indicated motor vehicle exhaust 
was the major source. Zheng and Fang (2000), Lee et al. (2001) and Ho and Lee 
(2002) showed traffic emission is one of the most significant PAHs contributors in 
urban area atmosphere of Hong Kong. Zhang et al. (2006) and Chung et al. (2007) 
indicated soil PAHs were typically originated from vehicle emission in Hong Kong. 
1.2 Significance, objectives and outline of this study 
1.2.1 Research significance 
Since PAHs are ubiquitous pollutants that have significant environmental risk 
and adverse effects on human health, it is very important to understand the current 
situation of PAH contamination. Vehicle exhaust has been proved as a very important 
source of PAHs, so it is useful to study PAHs in roadside environment. Despite the 
number of studies on these, there are some knowledge gaps. In soil, few studies 
focused on the seasonal changes and vertical and horizontal distribution of PAHs, 
especially in roadside soil. However, the pattern of PAHs in roadside soils in Hong 
Kong, and their relationships with soil properties have not been fully understood. 
There is also a lack of study on PAHs in roadside dusts and vegetation, especially in 
the local context. The relationships of roadside vegetation, dust and soil PAH 
contents have not been clearly known. Therefore, this study focused on the above 
knowledge gaps. This research would give information of the pollution situation of 
PAHs in roadside soils, vegetation and dusts in Hong Kong, and their relationships 
with soil properties, and provide a basis for further studies and PAHs pollution 
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management policy. 
1.2.2 Research objectives and thesis outline 
The overall objective of this study is to investigate the PAH contamination 
situation in roadside soils, vegetation and dusts in Hong Kong. The following are the 
research objectives: 
1) To examine the PAH contents of roadside soils, vegetation and dusts in 
Hong Kong and their relationships with the intensity of traffic and soil 
physicochemical properties. 
2) To study the relationships of the PAH contents in soils, vegetation and dusts 
in Hong Kong. 
3) To investigate the vertical and horizontal distribution of roadside soil PAHs 
in Hong Kong. 
4) To assess the influences of PAHs on the microbial characteristics of roadside 
soils in Hong Kong. 
5) To investigate the seasonal changes of the roadside soil PAH contents in 
Hong Kong. 
This thesis is divided into the following five chapters: 
Chapter 1 Introduction 
Chapter 2 PAH concentrations and their seasonal variations in roadside soils in Hong 
Kong 
Chapter 3 PAH concentrations in roadside vegetation, dusts and soils 
Chapter 4 Vertical and horizontal distribution of PAHs in roadside soil and their 
influences on soil microbial characteristics 
Chapter 5 Conclusion 
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Chapter 2 PAH concentrations and their seasonal variations 
in roadside soils in Hong Kong 
2.1 Introduction 
PAHs, which are a class of diverse organic atoms, are ubiquitous 
environmental pollutants and many of them are carcinogenic (IARC，1984), 
mutagenic and immimotoxic (ATSDR, 1995). US EPA has identified 16 PAHs as 
priority pollutants, which creates great attention to scientific research, especially on 
their impact on the environment and public health. They have intrinsic chemical 
stability and high recalcitrance to different types of degradation, and come from 
natural and anthropogenic sources and the last is the major (Tan and Quanci, 1992; 
Alexander, 1999; Yue et al, 2003). Though there are many sources of PAHs, 
previous researches showed that in urban area PAHs chiefly came from vehicle 
exhaust (Black et al., 1980; US EPA, 1980; Lee and Lewis, 1980; Back et al., 1991; 
Harrison et al., 1996; Lim et a l , 1999; Nielsen et al., 1999; Simcik et a l , 1999; 
Trapido, 1999; Zhu et al., 2000; Ho et al., 2002; Ho and Lee, 2002). 
Soil is the most important medium of migration and accumulation of PAHs. 
The PAH concentrations in soils represent the result of long-term accumulation. 
PAH concentrations in soils correlated significantly with the corresponding levels in 
air (Vogt et al., 1987). Menzie et al. (1992) stated that greater amount of PAHs in 
human bodies came from soils than water and atmosphere. Many studies indicated 
that soil physicochemical properties, such as SOM content, clay content and physical 
structure, affected the fate of PAHs in soils (He et a l , 1995; Cousins et al., 1999a; 
1999b; Wilcke et al., 1999; Amellal et al., 2001; Raymond et a l , 2001; Thiele and 
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Brummer, 2002; Chen et al.，2003; Chen et al., 2005; Tang et al., 2005; Yu et ah, 
2006). 
Studies showed that there were temporal changes in the concentrations of 
atmospheric and aerosol PAHs, which was due to the source strength, meteorological 
conditions, solar irradiation, exchange between the gaseous and particulate phases, 
and physical removal (dry and wet depositions) (Wild and Jones, 1995; Zheng et al., 
2000; Zheng and Fang, 2000; Lee et al., 2001; Garban et al, 2002; Prevedouros et a l , 
2004; Li et al., 2006b; Tan et al., 2006; Hong et a l , 2007). However few studies 
focused on the seasonal variations of PAH concentrations in soil. 
Being one of the world most important commercial metropolitan cities, Hong 
Kong, which is a densely populated place (6300 persons/km ) and has very heavy 
vehicle traffic (540,641 motor vehicles licensed and road travel in the territory 
amounted to 30.7 million vehicle-kilometers per day in 2005 in Hong Kong) (Traffic 
and Transport Survey Division, 2006). Although many studies on the PAHs in 
atmosphere, aerosol and sediment and a few researches on the PAHs in soil were 
done in Hong Kong (Zheng et al., 1997; Panther et al., 1999; Lee et al., 2001; Ho et 
al., 2002; Ho and Lee, 2002; Zhang et al., 2006; Chung et al., 2007)，and they 
indicated motor vehicle exhaust was the dominant source; pattern of PAHs in 
roadside soils in Hong Kong has not been extensively studied. 
Therefore, this study aims to a) examine the PAH contents of roadside soils in 
Hong Kong and their relationships with intensity of traffic and soil physicochemical 
properties, including moisture, pH, EC, SOM and texture; and b) investigate the 
seasonal changes of the PAH contents in roadside soils. 
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2.2 Materials and methods 
2.2.1 Soil Sampling 
According to their traffic intensity, 21 sampling sites were chosen for 
examining the PAH contents of roadside soils in Hong Kong and their relationships 
with soil physicochemical properties. Figure 2.1 and Table 2.1 shows the location 
and annual average daily traffic (AADT) of the sampling sites. HI to H5 sites were 
on the Hong Kong Island, K1 to K4 sites were in Kowloon and N1 to N12 sites were 
in the New Territories. According to the PAH contents examined in the 21 sampling 
sites, five sampling sites, which were H5, Kl , Nl，N7 and N8, were chosen for 
further investigation on the seasonal fluctuations of PAH contents in roadside soils. 
At each sampling site, 16 cores of the top 10 cm soil were randomly collected in a 
distance of 0-5 m from the kerb using a 4-cm diameter stainless steel soil core. Four 
soil cores were mixed to form a composite sample and there were totally four composite 
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samples. Table 2.2 shows the number and distribution of soil samples and sampling 
time. After being air-dried in darkness and room temperature for 2 weeks, all samples 
were sieved through a 2-inm mesh sieve and stored at 4°C until analysis. 
Table 2.2 Number and distribution of soil samples and sampling times. 











































2.2.2 Soil physicochemical properties analyses 
Soil moisture was determined by the drying method. Soil texture was 
determined by the Bouyoucos hydrometer method which measures the decrease in 
density of the suspension as particles settle (Allen, 1989; Grimshaw, 1989). Soil pH 
and EC were determined by the glass electrode method at the soil to water ratio of 
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1:2.5 w/v. SOM was determined by the wet combustion method (Kandeler, 1995a). 
2.2.3 Soil PAH analysis 
2.2.3.1 Extraction ofPAHs 
Soil PAHs were extracted by the pressurized fluid extraction (PFE) method 
(EPA Method 3545A) (US EPA, 1998). About 20 g air-dried sample, 20 g dry agent 
(sodium sulfate (granular anhydrous), Na2S04) and 5 |il internal standards (200 mg/1 
anthracene-dlO and 100 mg/1 perylene-dl2) were mixed and transferred to a 33-ml 
extraction cell. The extraction cell and a precleaned collection vessel were placed 
into the extraction instrument (Dionex Accelerated Solvent Extractor (ASE) 200). 
Extraction solvent (acetone/methylene chloride (1:1，v/v)) was placed into the 
solvent bottle of the instrument. After the extraction conditions (Table 2.3) were set, 
the extraction was done according to the manufacturer's instructions. 
Table 2.3 ASE extraction conditions. 
Oven temperature 100�C 
Pressure 1500 psi 
Static time 5 min (after 5 min pre-heat equilibration) 
Solvent acetone/methylene chloride (1:1) (v/v) 
Flush volume 60% of the cell volume 
Nitrogen purge 60 sec at 150 psi (purge time may be extended for larger cells) 
Static cycles 1 
2.2.3.2 Cleanup and concentration of the extract 
The extract was cleaned by the sulfur and silica gel cleanup method (EPA 
Method 3660B and 3630C) (US EPA, 1996a; 1996b). The extract solvent was 
exchanged to cyclohexane and concentrated to 1-2 ml by a Labconco 79100 N2 
Evaporation System. One g activated copper powder was added to the extract and 
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mixed with a Thermolyne M37610-26 Vortex Mixer for 1 minute to remove the 
sulfur. The extract was transferred onto a silica gel chromatographic column (Alltech 
209100，Silica Extract-Clean Column, 1,000 mg，8.0 ml) which was pre-eluted with 
8 ml pentane. The column was eluted with 5 ml pentane and 10 ml methylene 
chloride/pentane (2:3) (v/v) in succession. The eluate was collected and its solvent 
was exchanged to methylene chloride. The extract was concentrated to 1 ml, 
transferred into a GC vial and stored in -20°C before gas chromatography/mass 
spectrometry (GC/MS) measurement. 
2.2.3.3 Determination ofPAHs 
The PAHs were determined by an Agilent Technologies 6890/5973 GC/MS 
system (Agilent Technologies method) (Szelewski, 2003). The GC vial was placed 
into the instrument as described by the instrument manufacturer. The GC/MS 
conditions were then established as Table 2.4. After the full scan mode was used for 
identification of all target compounds based on their mass spectra and GC retention 
times, a selective ion monitoring (SIM) program was constructed for GC/MS 
acquisition and quantification. Acquisition of data was divided in 12 ion sets (Table 
2.5). The base peak ion of each PAH was chosen as the quantifying ion (Table 2.5) 
and two other significant ions were selected as qualifying ions. The analysis was 
done according to the manufacturer's instructions. 
2.2.3.4 Calibration standards and recovery 
Calibration standards were diluted in methylene chloride from a stock mixture 
of 16 PAHs. The nine levels made were 4,000，2,000, 800，400，200, 80，40，20，8 
|ig/l. Each 1-ml aliquot of calibration standard was spiked with 5 \i\ internal standard 
solution prior to analysis. Recovery study was carried out using the European Reference 
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Table 2.4 Gas chromatograph and mass spectrometer conditions. 
GC Agilent Technologies 6890 
Inlet EPC split/splitless 
Mode Pulsed splitless, 1 \i\ injected 
Inlet temperature 300�C 
Pressure 12.64 psi 
Pulse pressure 30.0 psi 
Pulse time 0.30 min 
Purge flow 30.0 ml/min 
Purge time 1.0 min 
Total flow 34.6 ml/min 
Gas saver Off 
Gas type Helium 
Oven 
Oven ramp oc/min N e x t � C Hold min 
Initial 50 1.00 
Ramp 1 25 200 0.00 
Ramp 2 8 316 0.00 
Total run time 21.50 min 
Equilibration time 0.5 min 
Oven max temp 325°C 
Column Agilent Technologies HP-5MS part number 19091s-433 
Length 30.0 m 
Diameter 250 |im 
Film thickness 0.25 [im 
Mode Constant flow 
Flow 1.5 ml/min 
Initial pressure 12.64 psi 
Inlet Front 
Outlet MSD 
Outlet pressure Vacuum 
MSD Agilent Technologies 5973 inert 
Drawout lens 6-mm ultralarge aperture, Agilent part number G2589-20045 
Solvent delay 4.5 min 
EM voltage Rel 400V 
Quad temp 180°C 
Source temp 300°C 
Transfer line temp 280�C 
Scan mode 
Low mass 45 amu 
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Table 2.5 Acquisition starting time of ion set and quantification target ion of PAHs. 
Ion Acquisition PAH and its quantification target ion (m/z) 
set starting time 
(min) 
1 4.50 naphthalene (128.10) 
2 5.50 acenaphthylene (152.10) 
3 6.56 acenaphthene (153.10) 
4 6.90 fluorene (166.10) 
5 7.70 phenanthrene (178.10)，anthracene-dlO (188.20), anthracene (178.10) 
6 9.20 fluoranthene (202.10) 
7 10.35 pyrene (202.10) 
8 12.00 benz(a)anthracene (228.10), chrysene (228.10) 
9 14.80 benzo(b)fluoranthene (252.10), benzo(k)fluoranthene (252.10) 
10 16.40 benzo(a)pyrene (252.10), perylene-dl2 (264.20) 
11 18.00 indeno(l,2,3-cd)pyrene (276.10)，dibeiiz(a,h)anthracene (278.10) 
12 19.55 benzo(g，h，i)perylene (276.10) 
Materials ERM®-CC014 PAHs in soil. The recoveries of PAHs ranged from 
72.1-109% (Table 2.6). 
2.2.4 Statistical analysis 
The results were processed by Statistical Package for the Social Science 
(SPSS®) 12.0 for Windows. The means and standard deviations were calculated. 
The differences among sites and seasons were analyzed by one-way analysis of 
variance (ANOVA) and Tukey's honestly significant difference (HSD) test at p=0.05 
unless otherwise specified. The correlations of PAHs and soil physicochemical 
properties and AADT were analyzed by bivariate correlations. The rotation method 
of principal component analysis (PCA) was varimax with Kaiser normalization. 
Hierarchical cluster analysis (HCA) was done using average linkage between the 
groups and Person correlation as measure intervals. All data were presented in dry 
weight basis. 
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Table 2.6 Recoveries ofPAHs (|ig/kg). Means and standard deviations of eleven 
replicates are shown. 
PAH Mean of SD of Certified Uncertainty Recovery 
measure measure value (l^g/kg) (%) 
(l^g/kg) (^ig/kg) 
Naphthalene 1462 100.7 1900 ±500 76.9 
Acenaphthylene 934.7 67.60 - - -
Acenaphthene 663.1 55.70 920 ±180 72.1 
Fluorene 1378 101.4 1430 ±140 96.3 
Phenanthrene 8098 696.8 7500 ±700 108 
Anthracene 2181 153.3 2150 士 210 101 
Fluoranthene 8496 1620 9100 ±1000 93.4 
Pyrene 6404 1119 7300 士 400 87.7 
Benz(a)anthracene 3670 440.0 4190 士 400 87.6 
Chrysene 3477 431.4 3920 ±220 88.7 
Benzo(b)fluoranthene 4655 336.6 5000 ±1000 93.1 
Benzo(k)fluoranthene 2461 332.2 2250 士 180 109 
Benzo(a)pyrene 3970 306.2 4380 士 210 90.6 
Indeno(l,2,3-c,d)pyrene 2383 312.6 3200 士 90 74.5 
Dibenz(a,h)anthracene 727.4 86.10 670 ±300 109 
Benzo(g,h,i)perylene 2666 226.5 3500 ±300 76.2 
2.3 Results and discussion 
2.3.1 Soil PAH contents and their relationships with soil physicochemical 
properties and AADT 
2.3.1.1 Soil PAHs 
All the 16 PAHs categorized as priority pollutants by US EPA were detected in 
all soil samples (Table 2.7). The concentrations of individual PAHs varied from 
0.250 to 174 [ig/kg and the total 16 PAHs ranged from 25.8 to 869 ng/kg. The total 
concentrations of carcinogenic PAHs (including benz(a)anthracene, chrysene, 
benzo(b)fluoranthene, beiizo(k)fluoranthene, benzo(a)pyrene, indeno(l ,2,3-cd)pyrene, 
and dibenz(a,h)anthracene) ranged from 9.25 to 253 jxg/kg and the percentages of the 
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PAH contents were significantly different (p<0.05) among some sites. The mean 
concentrations of individual PAHs decreased in the following order of districts: Hong 
Kong Island > all > Kowloon > New Territories, except for acenaphthylene, 
fluoranthene，chrysene and benzo(k)fluoranthene in Kowloon, which were a bit 
lower than those of the New Territories (Figure 2.2). The mean concentrations of 
total 16 PAHs for the samples colleted on the Hong Kong Island and in Kowloon, the 
New Territories and all sites were 389, 137, 131 and 193 ^g/kg, respectively, which 
were lower than the range obtained in most studies (Table 1.6). Comparing with the 
soil quality guideline values of PAHs in some countries (Table 2.8), the 
concentrations of PAHs were below the unpolluted limits. However, the percentages 
of the total concentrations of carcinogenic PAHs to 16 PAHs were relatively high. 
This is in line with the smaller background concentrations of PAHs in tropical soils 
than temperate ones, owing to the high soil temperature, soil moisture and UV 
radiation which promoted the volatilization and degradation of PAHs (Wilcke et al.， 
1999). 
Phenanthrene, fluoranthene and pyrene were diesel vehicle markers and 
indeno(l ,2,3-cd)pyrene and benzo(g,h,i)perylene were gasoline vehicle markers 
(Harrison et al., 1996). In this study, phenanthrene, fluoranthene, pyrene and 
chrysene were the highest in concentration at each sampling site (Table 2.7) and 
were the dominant PAHs of each sampling district (Figure 2.2). Concentrations of 
indeno(l ,2,3-cd)pyrene and benzo(g,h,i)perylene were relatively low. The result was 
consistent with the findings of Omar et al. (2002) and Wang et al. (2007) that 
phenanthrene, fluoranthene and pyrene were the most abundant PAHs of roadside 
soils. With the exception of benzo(g,h,i)perylene, phenanthrene, fluoranthene, pyrene 
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Chapter 2 PAH concentrations and their seasonal variations in roadside soils in Hong Kong 
et al.，2007). Phenanthrene, fluoranthene and pyrene had the highest concentrations 
which were much higher than those of indeno( 1,2,3 -cd)pyrene and benzo(g,h,i)perylene 
in atmosphere of the roadside monitoring station in Hong Kong (Ho et al., 2002). 
Therefore the diesel vehicles were probably the major source of PAHs in Hong Kong 
roadside environment. 
Regarding the distribution of soil PAHs with different ring numbers, the most 
abundant were the 4-ring PAHs, followed by the 3-ring and 5-ring PAHs except at 
N1 (Figure 2.3). The AADT of N1 was much lower than those of other sites, and N1 
was a site not under the influence of traffic. PAHs with 4 rings were the highest in 
concentration among the PAHs in vehicle discharges (Zhu et al.，2003) and were the 
dominant PAHs in soil affected by traffic (Trapido, 1999; Zhang et al., 2006; Chung 
etal., 2007; Wang et al., 2007). 
PAH contents ratios have been widely used to distinguish the emission sources 
of PAHs (Budzinski et al., 1997; Baumard et a l , 1998; Yunker et al., 2002a; Fang et 
al.，2004a; Chen et al., 2005; Zhang et al., 2006; Liu et a l , 2007). The anthracene to 
anthracene plus phenanthrene (anthracene/178) ratios, phenanthrene to anthracene 
(phenanthrene/anthracene) ratios, fluoranthene to fluoranthene plus pyrene 
(fluoranthene/202) ratios, benz(a)anthracene to benz(a)anthracene plus chrysene 
(beiiz(a)anthracene/228) ratios and indeno(l，2，3_c，d)pyrene to indeno(l，2，3_c，d)pyrene 
plus benzo(g，h，i)perylene (indeno(l，2，3-c，d)pyrene/276) ratios were calculated 
(Table 2.9). With reference to Table 2.10, most of anthracene/178 were higher than 
0.1 and benz(a)anthracene/228 were higher than 0.2 and most of them were higher 
than 0.35, suggesting that the roadside soil PAHs mainly came from combustion; 
most of phenanthrene/anthracene were lower than 10，implying that the major source 
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Chapter 2 PAH concentrations and their seasonal variations in roadside soils in Hong Kong 
PCA has been commonly used statistical technique for PAHs contamination (Ho and 
Lee, 2002; Fang et al.，2004a; Golobocanin et al., 2004; Ma et al.，2005; Chung et al.， 
2007; Liu et al.，2007). The two retained PCs explained 91.6% of the total variance 
with PCI and PC2 attributed 48.3% and 43.3% of the variance, respectively (Table 
2.11). PCI had high loading for acenaphthylene, pyrene, chrysene, benzo(b)fluoranthene, 
benzo(k)fluoranthene, benzo(a)pyrene, indeno( 1,2,3-cd)pyrene, dibenzo(a,h)anthracene 
Table 2.9 Diagnostic ratios of roadside soil PAHs in Hong Kong. 
Sites 
Anthracene Phenanthrene Fluoranthene Benz(a)anthracene Indeno(l，2，3-c，d)pyrene 
/178 /Anthracene /202 /228 1216 
HI 0.14 5.93 0.51 0.39 0.39 
H2 0.16 5.33 0.54 0.43 0.44 
H3 0.12 7.28 0.44 0.34 0.38 
H4 0.28 2.54 0.49 0.45 0.53 
H5 0.13 6.78 0.58 0.46 0.51 
K1 0.16 5.07 0.40 0.28 0.35 
K2 0.16 5.32 0.47 0.39 0.40 
K3 0.13 6.98 0.54 0.43 0.45 
K4 0.10 9.46 0.48 0.29 0.37 
N1 0.08 11.17 0.53 0.37 0.56 
N2 0.09 10.26 0.56 0.34 0.38 
N3 0.14 6.26 0.50 0.26 0.44 
N4 0.17 5.03 0.55 0.40 0.55 
N5 0.10 8.70 0.47 0.30 0.51 
N6 0.15 5.88 0.39 0.25 0.32 
N7 0.07 13.17 0.52 0.31 0.46 
N8 0.15 5.49 0.39 0.33 0.40 
N9 0.19 4.31 0.50 0.38 0.45 
NIO 0.14 6.32 0.48 0.32 0.44 
N i l 0.08 11.89 0.49 0.23 0.41 
N12 0.24 3.23 0.47 0.31 0.40 
Mean 0.15 5.76 0.49 0.36 0.42 
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Table 2.10 Diagnostic ratios of PAHs for major emission sources. 
Source 
Anthracene Phenanthrene Fluoranthene Benz(a)anthracene Indeno(l,2,3-c,d)-
/178a /Anthraceneb’c/202e 7228' pyrene/276' 
Petroleum <0.1 - <0.4 <0.2 <0.2 
Petroleum or 
combustion - - - 0.2-0.35 -
Liquid fossil fuel 
(vehicle and crude 
oil) combustion 
- - 0.4-0.5 - 0.2-0.5 
Combustion >0.1 - - >0.35 -
Grass, wood or 
coal combustion - >10 >0.5 - >0.5 
Pyrogenic - <10 - - -
178: anthracene+phenanthrene; 202: fluoranthene+pyrene; 228: 
benz(a)anthracene+chrysene; 276: indeno(l，2，3-c,d)pyrene+benzo(g，h，i)perylene. 
a Budzinski et al.，1997. b Baumard et al.，1998. ‘ Yunker et al.，2002a. 
Table 2.11 Rotated component loadings of roadside soil PAHs in Hong Kong. 
PAHs PCI PC2 
Acenaphthylene 0.95 -
Benzo(g，h，i)perylene 0.91 0.25 
Dibenz(a，h)anthracene 0.89 0.32 
Chrysene 0.88 0.43 
Indeno( 1,2,3 -c，d)pyrene 0.82 0.47 
Benzo(a)pyrene 0.81 0.50 
Pyrene 0.79 0.49 
Benzo(k)fluoranthene 0.78 0.46 
Benzo(b)fluoranthene 0.67 0.59 
Acenaphthene 0.16 0.98 
Fluorene 0.21 0.97 
Naphthalene 0.35 0.90 
Phenanthrene 0.44 0.89 
Anthracene 0.48 0.85 
Fluoranthene 0.60 0.77 
Benz(a)anthracene 0.66 0.70 
Explained variance 48.3% 43.3% 
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and benzo(g,h,i)perylene, which were major high molecular weight and carcinogenic 
PAHs. PC2 had high loading for naphthalene, acenaphthene, fluorene, phenanthrene, 
anthracene, fluoranthene and benzo(a)anthracene, which were dominated by low 
molecular weight and relatively high content PAHs. 
Cluster analysis (CA) is a multivariate procedure for detecting natural grouping 
in data and its classification is based upon the placing of objects into more or less 
homogeneous groups, in a manner such that the relationship between groups is 
revealed (Li et al.，2005a). CA has been conducted to identify the homogeneous 
groups of PAHs contamination (Duan et al., 2005; Golobocanin et al., 2004; Hu et al.， 
2006; Li et al., 2007; Zhang et al., 2006). Similar to the result of PCA, the 16 
individual PAHs were distinguished into two major groups (Figure 2.4). The first 
group was low molecular weight and relatively high concentration PAHs which were 
same with the PC2 high loading ones, while the second group was dominated by high 
molecular weight and carcinogenic PAHs which resembled the PCI high loading 
ones. 
2.3.1.2 Soil physicochemical properties 
Similar to the soil PAH contents, the soil physicochemical properties, including 
moisture, pH, EC, SOM and texture, were significantly different (p<0.05) in some 
sites (Table 2.12). Air-dried soil moisture levels were low and varied from 1.0% to 
2.5%. Soil pH values ranged from 5.44 to 7.58, which were moderately acidic to 
slightly alkaline. EC varied from 96.2 to 404 |xS/cm, implying the level of soluble 
ions in soil solution were relatively low. SOM contents ranged from 0.600-15.4%. 
The SOM of N6 site was so high, which may be attributed to the addition of organic 
amendment for landscaping purpose. Soil texture mostly belonged to sandy loam, 
38 
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and a few were loam and sandy clay loam. 
Rescaled Distance Cluster Combine 
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Figure 2.4 Hierarchical dendrogram for the 16 individual roadside soil PAHs in 
Hong Kong using average linkage between groups and Pearson correlation as 
measure interval. 
2.3.1.3 Relationships of PAH contents with soil physicochemical properties and AADT 
Except for a few PAHs, there were good significant correlations (r>0.5, 
pO.OOl) among PAH contents (Tables 2.13-2.16). The individual PAHs had strong 
significant correlations (r>0.8, pO.OOl) with total 16 PAHs, except for 
acenaphthylene and benzo(g，h，i)perylene in the all sampling sites, acenaphthylene, 
dibenz(a,h)anthracene and benzo(g,h,i)perylene on the Hong Kong Island, 
acenaphthene and benzo(k)fluoranthene in Kowloon, and acenaphthene and 
benzo(b)fluoranthene in the New Territories. The New Territories had the best 
significant correlations (p<0.001) among PAHs. Such results implied that the 16 






















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Chapter 2 PAH concentrations and their seasonal variations in roadside soils in Hong Kong 
The correlations among soil PAH contents, AADT and soil physicochemical 
properties, including moisture, pH, EC, SOM, clay, silt and sand, were different in 
different sampling districts (Tables 2.17-2.20). Similar to many studies (Jones et al.， 
1989; He et al., 1995; Cousins et a l , 1999a; 1999b; Wilcke et al., 1999; Chen et a l , 
2005; Tang et al , 2005; Yu et al , 2006), there were relatively good significant 
correlations (p<0.05) between SOM contents and soil PAH contents. Correlations 
were poorer on the Hong Kong Island than the other sampling districts probably 
because of its higher SOM content. 
Table 2.17 Correlation coefficient matrix of AADT, roadside soil physicochemical 
properties and PAH contents in Hong Kong (n=21). 
AADT Moisture pH EC SOM Clay Silt Sand 
Naphthalene -.198 .478*** .0738 .162 .375***--.0859 -.0789 .0991 
Acenaphthylene -.101 .0324 .216 2 9 3 " .764***• -.235* -.273* .306** 
Acenaphthene -.170 .443*** .0842 .0960 • 191 -•.00403 .0539 • -.0317 
Fluorene -.180 .465*** .0766 .127 .252* .00551 .0437 • -.0304 
Phenanthrene -.206 .430*** .113 .196 .460*** • -.0529 -.0436 .0580 
Anthracene -.191 . 3 6 7 … .121 .200 •463 … • -.0719 -.0809 .0925 
Fluoranthene -.220* .375*** .146 .228* .577*** • -.114 -.114 .137 
Pyrene -.245* .194 .168 .279* .808*** • -.200 -.241* .266* 
Benz(a)anthracene -.154 .430*** .125 .238* 499***. -.0829 -.0869 •103 
Chrysene -.148 .276* .0890 .285** .760*** • -.0903 -.226* .196 
Beiizo(b)fluoranthene -.115 .466*** .0423 .232* .602*** .0483 -.140 .0631 
Benzo(k)fluoranthene -.188 .246* .158 .263* .590*** • -.137 -.147 .172 
Benzo(a)pyrene -.222* .283* .156 •300** .686*** • -.129 -.156 .172 
Indeno( 1,2,3 -c，d)pyrene -.148 .431*** .148 .299** .586*** • -.0615 -.164 .140 
Dibenz(a,h)anthracene -.211 .317** .166 •344** .715***• -.125 -.312** .270* 
Benzo(g，h，i)perylene -.146 .273* .166 .377*** .795***. -.167 -.344** .314** 
Total 16 PAHs -.208 .397*** .131 .252* .604*** -.0967 -.134 .140 
* Correlation is significant at the 0.05 level (2-tailed). 
** Correlation is significant at the 0.01 level (2-tailed). 
*** Correlation is significant at the 0.001 level (2-tailed). 
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Table 2.18 Correlation coefficient matrix of AADT, roadside soil physicochemical 
properties and PAH contents on the Hong Kong Island (n=5). 
AADT Moisture PH EC SOM Clay Silt Sand 
Naphthalene .253 .682** • -.0376 .374 .458 .0561 .0624 • -.0596 
Acenaphthylene .655** .174 -.505* . -.0287 .640** . -.519* • -.525* .544* 
Acenaphthene .128 .651** .00597 .251 .251 .281 .272 . -.286 
Fluorene .143 <722*** .0265 .324 .302 •305 .279 • -.302 
Phenanthrene •202 .764*** .00855 .362 .394 .256 .225 • -.248 
Anthracene .200 .657** -.116 .242 .348 .232 .182 • -.213 
Fluoranthene .246 •761*** -.0437 .343 .456 .213 .154 • -.188 
Pyrene .337 .745*** , -.0900 .311 .547* .0846 .0480 • -.0662 
Benz(a)anthracene .403 .721*** -.300 .213 .522* .00227 • -.00176 .00217 
Chrysene .552* •736*** -•290 .266 .690** -.187 -.178 .192 
Benzo(b)fluoranthene .459* .728*** -.166 •312 .628** -.0907 -.0922 .0975 
Benzo(k)fluoranthene .409 .730*** -.258 .239 .528* .0419 .00221 -.0197 
Benzo(a)pyrene .327 .756*** -.184 •278 .495* •0673 .0614 -.0641 
Indeno(l ,2,3-c,d)pyrene .539* .654** -.243 .295 .698** -.259 -.254 .269 
Dibenz(a,h)anthracene .546* .622*• -.246 .342 .804*** -.439 -.452 .466* 
Benzo(g，h，i)perylene •701*** .543* -.119 .416 .932*** -.601** -.567* .609** 
Total 16 PAHs •313 •757*** -.0932 .330 .498* .112 .0890 -.102 
• Correlation is significant at the 0.05 level (2-tailed). 
•* Correlation is significant at the 0.01 level (2-tailed). 
•** Correlation is significant at the 0.001 level (2-tailed). 
There were no significant correlations (p>0.05) between the soil PAH contents 
and AADT except for a few individual PAHs on the Hong Kong Island, though 
vehicle was the major source of PAHs in the roadside environment. Surprisingly a 
few individual PAH contents were negatively significantly correlated (p<0.05) with 
the AADT in the New Territories and all sampling sites. It was probable that the 
AADT solely indicated the number of vehicles but did not differentiate the kinds of 
vehicles and could not represent the magnitude of vehicle exhaust. SOM content is 
likely to play a major role in the distribution of PAHs in soils, which governs PAHs 
adsorption in soil (He et al.，1995; Cousins et al.，1999a; 1999b; Wilcke et al.，1999; 
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Northcott and Jones, 2001). In the New Territories, soil PAH contents had strongly 
significant correlations (p<0.001) with SOM contents and no significant correlations 
with AADT, which is probably affected by the low SOM contents. The capacity of 
PAHs adsorption may reach saturation at low SOM, and the soil PAH contents would 
not increase with the amount of vehicle exhaust. On the Hong Kong Island, soil PAH 
contents had relatively poor correlations with SOM contents when compared with 
other sampling districts, and some individual PAH contents had good significant 
correlations (p<0.05) with AADT. This is probably the result of high SOM contents 
which increase PAH adsorption capacity, and consequently better significant correlations 
Table 2.19 Correlation coefficient matrix of AADT, roadside soil physicochemical 
properties and PAH contents in Kowloon (n=4). 
AADT Moisture pH EC SOM Clay Silt Sand 
Naphthalene .132 • -.195 -.369 -•.0234 .765 … .460 - .367 • -.144 
Acenaphthylene .236 • -.273 -.0419 .165 .701** .289 -•.263 _ -.0577 
Acenaphthene -.191 .146 .131 --.0529 •309 •186 .124 -.315 
Fluorene -.00400 • -.0549 _ -.324 •00911 929*** .510* • -.354 -.206 
Phenanthrene .0780 • -.111 -.334 .00776 •921 … .559* • -.410 -.205 
Anthracene .125 • -.193 -.260 .0941 .906*** .425 • -.339 -.130 
Fluoranthene .144 • -.167 -.271 .0598 .889*** .455 • -.342 -.160 
Pyrene .116 -.152 -.344 .0142 .933*** •494 • -.358 -.185 
Benz(a)anthracene .471 -.488 .187 .375 .478 .159 . -.364 .175 
Chrysene .286 -.356 -.191 .150 .798*** .472 • -.526* -.00330 
Benzo(b)fluoranthene .216 -•200 -.217 .0658 .772*** .349 • -.269 -.118 
Benzo(k)fluoranthene .402 -.445 .214 .403 •462 .188 -.538* .308 
Benzo(a)pyrene .304 -.333 -.172 .145 .808*** .390 -.430 -.00900 
Indeno(l，2，3-c，d)pyrene .322 -.303 -.0707 .217 .777*** .359 -.385 -.0187 
Dibenz(a,h)anthracene .319 -.390 -.0635 .241 .710** .296 -.455 .112 
Benzo(g,h,i)perylene .250 -.265 -.212 .140 .863*** •507* -.517* -.0490 
Total 16 PAHs .210 -.243 -.226 .105 .868*** .457 -.411 -.0969 
• Correlation is significant at the 0.05 level (2-tailed). 
** Correlation is significant at the 0.01 level (2-tailed). 
*** Correlation is significant at the 0.001 level (2-tailed). 
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Table 2.20 Correlation coefficient matrix of AADT, roadside soil physicochemical 
properties and PAH contents in the New Territories (n=12). 
AADT Moisture pH EC SOM Clay Silt Sand 
Naphthalene -.176 .252 .125 .405** .672***• -.0163 • -.359* .224 
Acenaphthylene -.133 • -.0815 .345* . 4 9 6 … .796*** -.208 • -.275 .284 
Acenaphthene .0924 .217 .266 .445** .452** • -.0249 • -.163 .112 
Fluorene -.228 .156 .236 .565*** . 7 5 2 … . -.127 --•223 .207 
Phenanthrene -.260 . -.0897 .292* .502*** 914***, -.269 • ,.322* .347* 
Anthracene -.154 • -.0899 .355* .531*** .777***• -.248 • ••333* .341* 
Fluoranthene -.225 . -.114 .305* .471*** .890*** -.281 • -•339* •364* 
Pyrene -.303* . -.164 .315* .480*** .955***, -.351* • -.373** .424** 
Benz(a)anthracene -.0239 .132 .194 •451** .623*** .0797 • -.0845 .00500 
Chrysene -.189 .0235 .179 .466*** .816*** -.0500 • -.255 •181 
Benzo(b)fluoranthene .0128 .330* .0588 .348* .626*** .280 . -.0552 -.128 
Benzo(k)fluoranthene -.192 -.0659 .209 .432** .668*** -.120 • -.256 .222 
Benzo(a)pyrene -.198 -.0465 .240 .528*** .780*** -.138 . -.237 .222 
Indeno(l ,2,3-c,d)pyrene -.00822 .278 .223 .516*** .583*** .159 -.0715 -.0482 
Dibenz(a,h)anthracene -.216 .157 .230 •476*** .720*** .0248 -.257 .140 
Benzo(g,h,i)perylene -.129 .102 .281 . 5 8 0 … .821*** -.0761 -.228 .180 
Total 16 PAHs -.203 -.00536 .264 .511*** .865*** -.151 -.289* .259 
* Correlation is significant at the 0.05 level (2-tailed). 
** Correlation is significant at the 0.01 level (2-tailed). 
*** Correlation is significant at the 0.001 level (2-tailed). 
between individual PAHs and AADT. This implies that the pollution ofPAHs may be 
not aggravated in the New Territories but contrasting result on the Hong Kong Island 
if their SOM contents stay constant. 
The individual and total soil PAH contents, except acenaphthylene, were 
positively correlated (r>0.5, p<0.01) with the soil moisture contents on the Hong 
Kong Island, but not significantly so in Kowloon and the New Territories. In the all 
sampling sites, there were significant correlations (p<0.05) among them. Soil 
moisture would increase the volatilization of semi-volatile organic compounds 
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(Spencer and Cliath, 1973), and enhance the biodegradation of soil PAHs (Di Chio et 
al.，1999; Liu et al.，2001; Raymond et al.，2001), so soil PAH contents should be 
negatively correlated with soil moisture contents, which is not the case for our results. 
There might be no correlations among soil PAH contents and soil moisture contents 
on the Hong Kong Island, because the effects of soil moisture contents on soil PAHs 
were very small when compared with SOM contents, and there were significant 
correlations (r=0.555, p<0.05) between the soil moisture contents and SOM contents 
which might cause the significant correlations between the soil moisture contents and 
soil PAH contents. Cousins et al. (1999a) also indicated no statistically significant 
correlations between soil moisture contents and soil PAH contents. 
The individual and total soil PAH contents were significantly correlated 
(p<0.01) with the soil EC in the New Territories, but not on the Hong Kong Island 
and in Kowloon. In the all sampling sites, there were significantly correlations 
(p<0.05) among most of them. Sorption of hydrophobic organic chemicals to SOM 
increased with increasing ionic strength of the aqueous phase (Hegeman et al., 1995). 
There were strong effects of ionic strength on desorption of PAHs and desorption 
decreased with increasing ionic strength in soil solutions which was caused by the 
salting out effect (Kogel-Knabner et a l , 2000). Soil PAH contents should increase 
with increasing soil EC. In our study, the reason of the contrasting results might be 
same as that of the soil moisture contents. The effects of SOM on soil PAHs were 
greater than those of soil EC. There were significant correlations (p<0.01) between 
soil EC and SOM contents in the New Territories (r=0.433) and all sampling sites 
(r=0.324) but no significant correlations among them on the Hong Kong Island and 
in Kowloon. Wilcke et al. (1999) also found no correlations between soil PAH 
contents and EC. 
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Except for a few individual PAHs, soil PAHs were not significantly (p>0.05) 
correlated with soil texture and pH. Remaining PAHs after biodegradation were 
present in much higher concentrations in the fine soil fractions (fine silt and clay) 
than the larger particle size fractions (sand) (Amellal et al.，2001), but PAHs 
preferentially bound to the coarser fractions of sand and silt in the study of Wilcke et 
al. (1996). Clay had a high capacity for adsorption of PAHs in dry soil (Chiou and 
Shoup, 1985). Hwang and Outright (2003) indicated soil PAHs desorption was 
strongly correlated with the expandable clays contents but not total clay contents. 
Soil pH could affect the structure of SOM, and low pH made for PAHs adsorption 
(Zhan and Zhou, 2003). There were different correlations among them in different 
studies, which might be affected by other factors (such as SOM and sources). Wilcke 
et al. (1999) also indicated there were no correlations between soil PAH contents and 
texture or pH. 
2.3.2 Seasonal variations of PAH contents of roadside soils 
Seasonal variations in soil PAH contents were generally small; only a few 
PAHs had significant seasonal changes (p<0.05), and the patterns of fluctuation were 
different in different PAHs and sites (Figure 2.5), which was probably related to the 
fact that the sources of soil PAHs (vehicle emission) did not show seasonal pattern 
and the seasonal changes in soil physicochemical properties were also small. In H5, 
benz(a)anthracene, chrysene contents and soil pH had significant seasonal changes 
(p<0.05); in Kl , fluoranthene, benz(a)anthracene, dibenz(a,h)anthracene and 
benzo(g,h,i)perylene contents had significant seasonal changes (p<0.05); while in Nl， 
naphthalene, acenaphthene, fluorene contents and soil EC had significant seasonal 
changes (p<0.05). In N7, naphthalene, acenaphthylene, anthracene, fluoranthene, 
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Figure 2.5 Seasonal changes of roadside soil PAH contents and physicochemical 
properties in Hong Kong (Values followed by different letters between different 
sampling times for each site were significantly different at p<0.05 level by the 
Tukey's HSD Test). 
51 
H5 K1 N1 N7 N8 H5 K1 N1 N7 N8 





Chapter 2 PAH concentrations and their seasonal variations in roadside soils in Hong Kong 
NEH I 
oooooooooc 864208642 11111 
( s ^ 3
 u o n o u o u 
Itefii i l a l a g n f 
H i . f 












{ 3 > l / 3 T f )
 u o ; I B J I S ; > u o u 









 4  3  2 ( s > l / 3 3







H5 K1 N1 N7 
Benzo(b)fluoranthene 
H5 K1 N1 N7 
Benzo(k)fluoranthene 
a Chrysene 
H5 K1 N1 
Site 
N7 N8 H5 K1 N1 
Site 
N7 N8 
Figure 2.5 (Cont'd) Seasonal changes of roadside soil PAH contents and 
physicochemical properties in Hong Kong (Values followed by different letters 
between different sampling times for each site were significantly different at p<0.05 
level by the Tukey's HSD Test). 
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Figure 2.5 (Cont'd) Seasonal changes of roadside soil PAH contents and 
physicochemical properties in Hong Kong (Values followed by different letters 
between different sampling times for each site were significantly different at p<0.05 
level by the Tukey's HSD Test). 
Carcinogenic PAHs: benz(a)anthracene, chrysene, benzo(b)fluoranthene, 
benzo(k)fluoranthene, benzo(a)pyrene, indeno(l，2，3-cd)pyrene， and 
dibenz(a,h)anthracene. 
total carcinogenic PAHs and SOM contents and soil EC showed significant seasonal 
variations (p<0.05); whereas in N8, naphthalene and benzo(g,h,i)perylene contents, 
percentages of contents of total carcinogenic PAHs to 16 PAHs and soil EC had 
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significant seasonal patterns (p<0.05). On the contrary, phenanthrene, 
benzo(k)fluoranthene, indeno( 1,2,3 -cd)pyrene contents had no significant seasonal 
changes (p<0.05) in all five sites. Except for pyrene in N7, soil PAH contents did not 
increase significantly in Jan 2006 comparing with Jan 2005, implying that there was 
few PAHs which accumulated in roadside soil in Hong Kong in one year. Although 
the mean concentrations of individual, total carcinogenic and total 16 PAHs of 
roadside soils in different seasons (Figure 2.6) did not differ significantly (p>0.05), 
most of them had the peak values in summer (Jul 2005). Most of them had higher 
values in Jan 2005 than in Jan 2006，which also suggested minimum accumulation of 
PAHs in local roadside soil in one year. The result was probably under the influence 
of SOM because the mean SOM content was also higher in Jan 2005 (3.6%) than Jan 
2006 (3.3%). 
Higher PAH concentrations in winter and lower in summer were observed in 
the atmosphere and aerosols of many urban environments (Wild and Jones, 1995; 
Garban et al.，2002; Prevedouros et al., 2004; Li et al.，2006b; Tan et al.，2006; Hong 
et al.，2007). Other studies in Hong Kong also indicated the PAH concentrations of 
atmosphere and aerosol were the highest in winter but lowest in summer (Zheng et 
a l , 2000; Zheng and Fang, 2000; Lee et al., 2001). In our study, most of soil 
individual, total carcinogenic and total 16 PAHs had the highest concentrations in 
summer, which was probably because PAHs were transferred from the atmosphere to 
soil. Although there were higher temperature, soil moisture and solar irradiation in 
summer in Hong Kong, which might increase the volatilization, leaching and 
degradation of soil PAHs (Cousins et al., 1999; Di Chio et al., 1999; Wilcke et al., 
1999; Liu et al., 2001; Raymond et a l , 2001; Sartoros et al., 2005), the heavy rainfall 



















































































































































































































































































































































































































o o  o  
o
o
 o  o  ( o o  o  0
6
 4  2 4 
3

















































































































Chapter 2 PAH concentrations and their seasonal variations in roadside soils in Hong Kong 
rain event might decrease significantly or even be reduced to zero (Cousins et al.， 
1999). The lowest PAHs of PMIO were found on rainy days (Tan et al., 2006). The 
decreased concentrations of atmospheric PAHs were probably the result of transfer to 
soil, which attributed to the higher soil PAH contents in summer in our study. 
2.4 Conclusion 
The 16 US EPA priority pollutants PAHs were assessed for their concentration 
and temporal variations in the roadside soils in Hong Kong. The concentrations of 
individual PAHs varied from 0.250 ^g/kg to 174 ^ig/kg and the total concentrations 
of the 16 PAHs ranged 25.8-869 |xg/kg. The total concentrations of carcinogenic 
PAHs ranged 9.25-253 |ig/kg, while the percentages of the total concentrations of 
carcinogenic PAHs to 16 PAHs varied from 29.8% to 61.5%. The contamination of 
PAHs was not serious comparing with the soil quality guidelines, but the percentages 
of the total concentrations of carcinogenic PAHs to 16 PAHs were relatively high. 
The most abundant PAHs were phenanthrene, fluoranthene, pyrene and chrysene and 
most were 4-ring PAHs. The diagnostic ratios of soil PAH contents indicated 
roadside soil PAHs mainly came from liquid fossil fuel combustion and diesel 
vehicle was likely the major source of soil PAHs in Hong Kong. 
In PC A, there were two retained PCs which explained 91.6% of the total 
variance. Similarly, the 16 individual PAHs were divided into two major groups in 
HCA, and the first group comprised PAHs of the PC2 high loading ones and the 
second group with PAHs of the PCI high loading ones. The correlations among the 
16 PAHs were relatively good and significant (p<0.001), suggesting that the 16 
PAHs were fairly constant at different sampling sites and they came from similar 
sources. There were significant correlations (p<0.05) among soil PAH and SOM 
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contents, but correlations between soil PAH contents and other measured soil 
physicochemical parameters (including moisture, pH, EC and texture) were hardly 
significant. There were also no correlations between soil PAH contents and AADT, 
which was probable because the AADT was not a good indicator of vehicle emission, 
and their relationships were masked by SOM contents. 
Seasonal changes in the soil concentrations of PAHs were small, and only a 
few of them had significant seasonal variations (p<0.05). Most PAHs had the highest 
values in summer (Jul 2005), probably because of heavy rainfall in summer. Soil 
PAH contents did not significantly increase and most of them were even lower in Jan 
2006 than in Jan 2005, implying low PAH accumulation in roadside soil in Hong 
Kong within one year. 
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Chapter 3 PAH concentrations in roadside vegetation, dusts 
and soils 
3.1 Introduction 
Uptake of PAHs by plants had been investigated and PAH contents in 
vegetation represent the result of long-term accumulation (Wild et al.，1992; Voutsa 
and Samara, 1998; Kipopoulou et al., 1999). Many plant species exposed to PAH 
emissions have been employed to monitor the regional and global pollution trends, 
and proved to be reliable and cost effective (Simonich and Kites, 1995; Wagrowski 
and Kites, 1997; Bakker et al., 2001; Orlinski, 2002; Hwang et al., 2003; Lehndorff 
and Schwark, 2004). For example, Otvos et al. (2004) indicated mosses {Hypnum 
cupressiforme) samples could be used to monitor PAH pollution in a region. Pine 
{Pinus nigra) needles and oak {Quercus ilex) leaves could serve as good passive 
samplers for PAH pollutants (Alfani et al.，2001; Lehndorff and Schwark, 2004). 
PAH uptake by vegetation can occur through various pathways, including root uptake 
from soil and atmospheric deposition of gaseous or particulate forms on leaves 
(Simonich and Kites, 1995; Kipopoulou et al” 1999; Fismes et al” 2002). However, 
the major pathways varied with plant species, PAHs and seasons (Simonich and 
Kites, 1994; Duarte-Davidson and Jones, 1996; Kipopoulou et al., 1999). In Hong 
Kong, few studies focused on PAH uptake by vegetation. 
Roadside dusts often become a sink for vehicle-generated pollutants, and can 
be the major source of fine particle organic emission to the atmosphere and 
significant source of pollutants for human exposure (Hildemann et a l , 1991; Takada 
et al., 1991; Glikson et a l , 1995; Shilton et al.，2005). In urban areas, vehicular 
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exhaust could deposit and adsorb to street dust, and both vehicular exhaust emissions 
and soil typically contributed to most street dusts (Spassov et al., 2004; 
Boonyatumanond et al., 2007). However, there are not many studies on PAHs in 
roadside dusts, especially in Hong Kong. The relationships between roadside 
vegetation, dust and soil PAHs have not been fully understood. Therefore, this study 
aims to examine the PAH contents of roadside vegetation, dusts and soils in Hong 
Kong and their relationships. 
3.2 Materials and methods 
3.2.1 Sampling 
According to the PAH contents examined in 21 sampling sites (Chapter 2), nine 
sampling sites, viz. H3, H5, Kl, K2, Nl , N7, N8, NIO and N12, were chosen for 
investigating the PAH contents in roadside vegetation, and five sites amongst the 
nine, viz. H5, K1,N1, N7 and N8, were chosen for investigating the PAH contents in 
roadside dust. At the same time, in the nine sites, the soil samples were also collected 
for examining the relationships between vegetation, dust and soil for their PAH 
contents. The location and the AADT of the sampling sites were shown in Figure 2.1 
and Table 2.1 in Chapter 2. According to the species of vegetation in all sampling 
sites, triplicate leaf samples of Acacia confusa and Leucaena leucocephala and shoot 
and root samples of Neyraudia arundinacea and Paspalum notatum were collected in 
Jan 2006. Paspalum notatum was absent in H5 and N8, hence a total of 150 
vegetation samples. After being washed by ultra pure water for three times, 
freeze-dried and ground by a mortar and pestle, all vegetation samples were stored at 
4°C until analysis. At the same time, triplicate dust samples were collected by hand 
brushing, using a nylon brush and plastic collection pan covered with cleaned foil, 
from the road surface in a distance of 0-1 m from the kerb. After being air-dried in 
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darkness and room temperature for 2 weeks, all samples were sequentially sieved 
through 2-mm, 1-mm, 0.5-mm, 0.25-mm, 0.125-mm mesh sieves and stored at 4°C 
until analysis. Only the PAHs of 0.25-0.5 mm, 0.125-0.25 mm and <0.125 mm dust 
samples were analyzed. The soil samples were collected and treated in the same way 
as described in Chapter 2 (2.2.1). 
3.2.2 Soil physicochemical properties analysis 
Soil moisture, pH, EC and SOM were determined using the same methods as 
described in Chapter 2 (2.2.2). 
3.2.3 PAHs analysis 
3.2.3.1 Extraction of PAHs 
PAHs of vegetation, dust and soil were extracted by the same method for soil 
PAH extraction as described in Chapter 2 (2.2.3.1). 
3.2.3.2 Cleanup and concentration of the extract 
The cleanup and concentration of root, dust and soil extracts followed the same 
as those for soil extract in Chapter 2 (2.2.3.2). The leaf and shoot extracts were 
cleaned by sulfonation, sulfur and silica gel cleanup method (EPA Method 3660B 
and 3630C) (US EPA, 1996a; 1996b). After the solvent was exchanged to 
cyclohexane and concentrated to 1-2 ml, the extract was transferred to a 125-ml 
separation fiinnel and 40 ml cyclohexane and 10 ml concentrated sulfuric acid (98% 
H2SO4) were carefully added. The mixture was shaken and then the different phases 
were allowed to separate for several minutes. The sulfuric acid layer was removed 
from the funnel. If the cyclohexane layer was colored, another 10 ml concentrated 
sulfuric acid was added and the previous steps were repeated. Until a clean phase 
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separation was achieved, 10 ml 2% sodium sulfate (NaaSO*) solution was added and 
another cleanup was performed as described above. The sodium sulfate cleanup 
process should be repeated. The cyclohexane layer was transferred and concentrated. 
The sulfur and silica gel cleanup were performed as the soil extract in Chapter 2 
(2.2.3.2). 
3.2.3.3 Determination ofPAHs 
Concentrations of PAHs in vegetation, dust and soil were determined using the 
same methods for soil PAHs as in Chapter 2 (2.2.3.3). 
3.2.3.4 Calibration standards and recovery 
The calibration standards were the same as those in Chapter 2 (2.2.3.4). The 
recoveries of PAHs were shown in Table 2.6 in Chapter 2. 
3.2.4 Statistical analysis 
The results were processed by SPSS® 12.0 for Windows. The means and 
standard deviations were calculated. The differences among sites, dust particles and 
vegetation species and tissues were analyzed by one-way ANOVA and Tukey's HSD 
test at p=0.05 unless otherwise specified. The differences among sites and dust 
particles, sites and vegetation species and tissues were analyzed by Univariate of 
General linear model at p=0.05. The correlations of vegetation, dust and soil PAHs 
and soil physicochemical properties and AADT were analyzed by bivariate 
correlations. The rotation method of PCA was varimax with Kaiser normalization. 
HCA was done using average linkage between the groups and Person correlation as 
measure intervals. All data were presented in a dry weight basis. 
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3.3 Results and discussion 
3.3.1 Soil physicochemical properties 
Soil physicochemical properties, including moisture, pH, EC and SOM, were 
examined (Table 3.1) and among some sites they were significantly different 
(p<0.05). Soil moisture levels varied from 1.3-2.4%, pH values ranged from 
4.70-7.20, EC varied from 31.4-230 \xS/cm and SOM contents ranged from 
0.800-4.75%. 
Table 3.1 Physicochemical properties of roadside soil in Hong Kong. 
Site Moisture (%) pH EC (^iS/cm) SOM (%) 
H3 1.6b 7.20a 134abc 1.63bc 
H5 2.4a 6.60ab 186ab 4.23ab 
K1 1.6b 6.40abc 131abc 4.73a 
K2 1.3b 7.20a 230a 1.85bc 
N1 1.4b 5.60cd 31.4c 0.800c 
N7 1.4b 5.70bc 92.0bc 1.90bc 
N8 1.6b 6.70ab 204ab 4.75a 
NIO 1.7b 4.70d 134abc 3.23abc 
N12 1.7b 6.60abc 129abc 2.85abc 
Values followed by different letters between different sites were significantly different 
at p<0.05 level by the Tukey's HSD Test. 
3.3.2 PAH concentrations 
3.3.2.1 Soil PAHs 
Except for acenaphthene in N1 site, all the 16 soil PAHs categorized as priority 
pollutants by US EPA were detected (Table 3.2). Soil PAH contents were 
significantly different (p<0.05) among some sites. The concentrations of individual 
PAHs varied from undetectable level to 95.0 ^ig/kg and the total 16 PAHs ranged 
from 10.6 to 527 jig/kg. The total concentrations of the 16 PAHs in soil among sites 
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H3 H5 K1 K2 N1 N7 
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% 0 % 0 
N8 NIO N12 mean 
Figure 3.1 Variations of total roadside soil PAH contents in one year (2005-06) in 
Hong Kong. (* There were significant differences between different sampling times 
for each site at p<0.05 level by the Paired-Samples T Test. Data of Jan 2005 came 
from Chapter 2) 
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Comparing with the data obtained in Jan 2005, the soil total PAH contents 
varied with sampling sites and the differences between them were significant (p<0.05) 
in some sites (Figure 3.1); and the different PAHs also fluctuated, but the differences 
between them were not significant (p>0.05) for most PAHs (Figure 3.2). This 
implies that PAHs did not accumulate or the accumulation was very low in roadside 
soil in Hong Kong within one year (2005-06). The PAHs which mainly came from 
vehicle, i.e. phenanthrene, fluoranthene, pyrene and beiizo(g,h,i)perylene, increased 
in concentration, although their increasing were not significant (p>0.05), suggesting 
that the major source of soil PAHs was probably vehicles. The soil PAH contents 
were lower than the range obtained in most studies and below the unpolluted limits 
(Tables 1.6 and 2.8). 
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Figure 3.2 Variations of mean roadside soil PAH contents in one year (2005-06) in 
Hong Kong. (• There were significant differences between different sampling times 
for each PAH at p<0.05 level by the Paired-Samples T Test. Data of Jan 2005 came 
from Chapter 2.) 
1. Naphthalene, 2. Acenaphthylene, 3. Acenaphthene, 4. Fluorene, 5. Phenanthrene, 
6. Anthracene, 7. Fluoranthene, 8. Pyrene, 9. Benz(a)anthracene, 10. Chrysene, 11. 
Benzo(b)fluoranthene， 12. Benzo(k)fluoranthene, 13. Benzo(a)pyrene, 14. 
Indeno(l,2,3-cd)pyrene, 15. Dibeiiz(a,h)anthracene, 16. Benzo(g,h，i)perylene. 
3.3.2.2 Dust PAHs 
The concentrations of individual PAHs in roadside dust, including all the 16 
PAHs categorized as priority pollutants by US EPA, varied from 5.233 to 7,918 
ixg/kg and the total 16 PAHs ranged from 1,976 to 22,470 ^g/kg (Figures 3.3 and 3.4), 
which were much higher than the soil PAH contents at the corresponding sites, but 
were lower than the range obtained in most studies (Table 1.9). The PAH contents 
were significantly different (p<0.05) among some sites and dust particle sizes (Table 
3.3)，and the PAHs contents of 0.25-0.5 mm dust particles were in general the 




H5 K1 N1 N7 N8 
Anthracene 
Naphthalene 
Figure 3.3 PAH contents of roadside dusts in Hong Kong (Values followed by 
different small letters between different particles for each site and capital letters 
between different sites for each particle were significantly different at p<0.05 level 
by the Tukey's HSD Test). 
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Figure 3.3 (Cont'd) PAH contents of roadside dusts in Hong Kong (Values followed 
by different small letters between different particles for each site and capital letters 
between different sites for each particle were significantly different at p<0.05 level 
by the Tukey's HSD Test). 
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Figure 3.4 Total 16 PAHs contents of roadside dusts in Hong Kong (Values followed 
by different small letters between different particles for each site and capital letters 
between different sites for each particle were significantly different at p<0.05 level 
by the Tukey's HSD Test). 
(p>0.05) between different dust particles for the mean concentrations of each PAH 
(Figure 3.5). Except that the total PAH content of <0.125 mm particle dust particle in 
N7 site was higher than that in K1 site, and the total PAH content of 0.25-0.5 mm 
particle dust in N8 site was higher than that in N7 site, the total 16 roadside dust 
PAHs contents decreased were in the following descending order of sites: 
H5>N1>K1>N7>N8, which was different from that of the roadside soil PAHs 
(K1 >H5>N8>N7>N 1), especially in N1 site. Although the concentrations of soil 
PAHs in N1 site were the lowest of all the sampling sites, the dust PAH contents 
was significantly higher (p<0.05) than those most of the others sampling sites 
except H5, which was probably because of large quantity of vegetation fragments, 
which could not be removed from the roadside dust. 
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Chapter 3 PAH concentrations in roadside vegetation, dusts and soils 
Phenanthrene, fluoranthene, pyrene, anthracene, dibenz(a,h)anthracene and 
naphthalene were the highest in concentration. The diesel vehicle markers PAHs 
(phenanthrene, fluoranthene and pyrene) were the most abundant (Takada et al., 1991; 
Oda et al., 2001; Fang et al., 2004a; Hassanien and Abdel-Latif, 2007), which was 
similar to soil PAHs, suggesting that the major source of dust PAHs were probably 
vehicles; but anthracene, dibeiiz(a,h)anthracene and naphthalene unlike soil PAHs, 
were also relatively abundant, implying the presence of other sources of PAHs in dust. 
3.3.2.3 Vegetation PAHs 
Except for a few PAHs of a few samples, all the 16 vegetation PAHs 
categorized as priority pollutants by US EPA were detected (Figure 3.6). The PAH 
contents were significantly different (p<0.05) among some sites, species and tissues 
(Table 3.4)，suggesting vegetation uptake PAHs were affected by their species and 
tissues. The concentrations of individual PAHs varied from below detection limits to 
548 {xg/kg and the total concentrations of 16 PAHs ranged from 32.1 to 906 ng/kg. 
The mean concentrations of individual PAHs were significantly different (p<0.05) 
among some PAHs as well as plant species and tissues (Figure 3.7 and Table 3.5). 
The mean concentrations of total 16 PAHs for the leaves of Acacia confusa and 
Leucaena leucocephala，as well as the roots and shoots of Neyraudia arundinacea 
and Paspalum notatum were 253,234,249，254,124 and 432 ^ig/kg, respectively. The 
mean contents of total 16 PAHs in shoots of Paspalum notatum was significantly 
higher (p<0.05) than those of the others and there were no significant difference 
(p>0.05) among the others. Although the PAH contents in roadside soils and dusts 
were lower than those of most other studies, the PAH contents in roadside vegetation 
in Hong Kong were of medium levels (Table 1.8), suggesting that the major PAHs in 
roadside vegetation may come from the atmosphere. 
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Figure 3.6 PAH contents of roadside vegetation in Hong Kong (Values followed by 
different small letters between different species and tissues for each site and capital 
letters between different sites for each species and tissue were significantly different 
at p<0.05 level by the Tukey's HSD Test). 
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Figure 3.6 (Cont'd) PAH contents of roadside vegetation in Hong Kong (Values 
followed by different small letters between different species and tissues for each site 
and capital letters between different sites for each species and tissue were 
significantly different at p<0.05 level by the Tukey's HSD Test). 
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Figure 3.6 (Cont'd) PAH contents of roadside vegetation in Hong Kong (Values 
followed by different small letters between different species and tissues for each site 
and capital letters between different sites for each species and tissue were 
significantly different at p<0.05 level by the Tukey's HSD Test). 
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Figure 3.6 (Cont'd) PAH contents of roadside vegetation in Hong Kong (Values 
followed by different small letters between different species and tissues for each site 
and capital letters between different sites for each species and tissue were 
significantly different at p<0.05 level by the Tukey's HSD Test). 
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Figure 3.6 (Cont'd) PAH contents of roadside vegetation in Hong Kong (Values 
followed by different small letters between different species and tissues for each site 
and capital letters between different sites for each species and • tissue were 
significantly different at p<0.05 level by the Tukey's HSD Test). 
For leaves of Acacia confusa and Leucaena leucocephala’ phenanthrene was 
the most abundant PAH and its concentration was significant higher (p<0.05) than 
the others, followed by anthracene, chrysene, fluoranthene and benzo(b)fluoranthene. 
For roots of Neyraudia arundinacea and Paspalum notatum, benzo(g,h,i)perylene 
was the most abundant and its concentration was significant higher (p<0.05) than the 
others, followed by phenanthrene, pyrene, naphthalene and acenaphthylene. For shoots 
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Chapter 3 PAH concentrations in roadside vegetation, dusts and soils 
Table 3.5 Tests of Between-Subjects Effects table of plant PAH contents among 
different PAHs as well as species and tissues in Hong Kong. 
F Sig. 
Corrected Model 12.39 0.00 
Intercept 700.75 0.00 
Species and tissue 14.94 0.00 
PAH 38.07 0.00 
Species and tissue * PAHs 7.69 0.00 
of Neyraudia arundinacea and Paspalum notatum, anthracene was present at the 
highest concentration, followed by phenanthrene, naphthalene, fluoranthene and 
chrysene; the concentrations of anthracene and phenanthrene were significant higher 
(p<0.05) than those of the others. Generally speaking, in the all roadside plant 
species studied, phenanthrene was the highest in concentration, followed by 
anthracene, benzo(g,h,i)perylene, naphthalene, fluoranthene and chrysene. The result 
was in line with other studies (Alfani et al.，2001; Lehndorff and Schwark, 2004) that 
phenanthrene was the dominating PAH in vegetation predominantly affected by 
traffic. Similar to soil and dust PAHs, the vehicle marker PAHs were also the most 
abundant in roadside vegetation, which indicated that PAHs in vegetation mainly 
came from vehicles. 
3.3.3 PAH profile 
In most sites, the relative concentrations of soil PAHs with different rings 
decreased in the following order: 4-ring > 5-ring > 6-ring > 3-ring > 2-ring (Figure 
3.8). Similar to the result of Chapter 2 and other studies, the 4-ring PAHs were the 
most abundant PAHs in soil affected by traffic (Trapido, 1999; Zhang et al., 2006; 
Chung et a l , 2007; Wang et al., 2007). Although most of the 6-ring PAHs contents 
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Figure 3.8 Distribution of roadside soil PAHs with different rings in Hong Kong. 
2-ring PAHs: naphthalene; 3-ring PAHs: acenaphthylene, acenaphthene, fluorene, 
phenanthrene and anthracene; 4-ring PAHs: fluoranthene, pyrene, benz(a)anthracene 
and chrysene; 5-ring PAHs: benzo(b)fluoranthene, benzo(k)fluoranthene, 
benzo(a)pyrene and dibenz(a,h)anthracene; 6-ring PAHs: indeno(l，2，3-cd)pyrene and 
benzo(g，h，i)perylene. 
Except for 0.25-0.5 mm and <0.5 mm dust particles in K1 site, 3-ring PAHs 
were the most abundant and the low molecular weight (MW) PAHs were the 
predominant roadside dust PAHs on each site (Figure 3.9)，which was consistent with 
the findings of Takada et al. (1991), Fang et al. (2004a) and Hassanien and 
Abdel-Latif (2007) that low MW PAHs were more enriched in roadside dust. This 
was probably because low MW PAHs predominated in large atmospheric particles 
which deposited faster, in contrast to high MW ones which predominated in smaller 
particles which deposited more slowly from the atmosphere (Venkataraman and 
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distribution of mean soil PAHs with different rings was consistent. 
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Figure 3.9 Distribution of roadside dust PAHs with different rings in Hong Kong (At 
each site, from left to right <0.125 mm, 0.125-0.25 mm, 0.25-0.5 mm and <0.5 mm 
dust samples). 
2-ring PAHs: naphthalene; 3-ring PAHs: acenaphthylene, acenaphthene, fluorene, 
phenanthrene and anthracene; 4-ring PAHs: fluoranthene, pyrene, benz(a)anthracene 
and chrysene; 5-ring PAHs: benzo(b)fluoranthene, benzo(k)fluoranthene, 
benzo(a)pyrene and dibeiiz(a,h)anthracene; 6-ring PAHs: indeno(l,2,3-cd)pyrene and 
benzo(g,h,i)perylene. 
On the whole, similar to the PAH profile in roadside dust, in roadside 
vegetation the 3-ring PAHs were the most abundant PAHs, followed by 4-ring PAHs 
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Friedlander, 1994; Fang et al.，2004a; Hassanien and Abdel-Latif, 2007). The relative 
concentrations of PAHs with different rings decreased in the order of 3-ring > 4-ring 
> 5-ring > 6-ring > 2-ring in Kl，Nl，N7 and N8 sites, 3-ring > 2-ring > 4-ring > 
5-ring > 6-ring in H5 site, and 3-ring > 4-ring > 2-ring > 5-ring > 6-ring for the 
means. Comparing with soil PAHs, 3-ring PAHs was much higher and 4-ring PAHs 
was lower in terms of relative concentration. 
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Chapter 3 PAH concentrations in roadside vegetation, dusts and soils 
(Figure 3.10). For the two grass species, the most abundant PAHs in roots were the 
6-ring PAHs, followed by 3- and 4-ring PAHs. Many other studies also indicated the 
higher abundance of lower MW PAHs in vegetation, which was attributed to the 
greater water solubility, volatility and bioavailability of the lower MW PAHs (Wild et 
al.，1992; Wild and Jones, 1994; Voutsa and Samara, 1998; Kipopoulou et al.，1999; 
Tao et al., 2004). Comparing with PAHs in different plant tissues, roots had more 
higher MW PAHs but less lower MW ones, which was due to the fact that lower MW 
PAHs were more mobile and were transported from roots to shoots and leaves while 
higher MW ones were strongly adsorbed on the root epidermis (Wild and Jones, 
1992; Kipopoulou et a l , 1999; Fismes et al., 2002). 
3.3.4 PAH sources 
There were some differences among the diagnostic ratios of PAHs in soil, dust 
and vegetation in same site (Table 3.6), suggesting that their sources were probable 
different. 
According to Table 2.10，for soil PAHs in most sites, anthracene/178 >0.1， 
phenanthrene/anthracene <10, 0.4< fluoranthene/202 <0.5, benz(a)anthracene/228 
>0.2 and 0.2< indeno(l，2，3-c，d)pyrene/276 <0.5 indicated that the roadside soil PAHs 
mainly came from liquid fossil fuel combustion in Hong Kong. 
The anthracene/178 >0.1，phenanthrene/anthracene <10 and most of 
benz(a)anthracene/228 >0.35 indicated that the roadside dust PAHs mainly came 
from pyrogenic combustion, which were similar to those of soil. Most of 
fluoranthene/202 >0.5 suggested that the major sources of dust PAHs were grass, 




























































































































































































































































































































































































































































































Chapter 3 PAH concentrations in roadside vegetation, dusts and soils 
Table 3.6 Diagnostic ratios of roadside soil, dust and vegetation PAHs in Hong Kong. 
Anthracene Phenanthrene Fluoranthene Benz(a)anthracene Indeno(l，2，3-c，d)pyrene Sites /178 /Anthracene /202 /228 /276 
Soil 
H3 0.13 6.95 0.45 0.32 0.18 
H5 0.11 8.28 0.57 0.38 0.36 
K1 0.19 4.35 0.41 0.28 0.22 
K2 0.15 5.52 0.45 0.31 0.21 
N1 0.04 21.50 0.51 0.24 0.07 
N7 0.13 6.98 0.48 0.25 0.27 
N8 0.19 4.26 0.49 0.38 0.32 
NIO 0.14 6.09 0.44 0.28 0.25 
N12 0.13 6.57 0.41 0.29 0.27 
Mean 0.14 6.05 0.48 0.32 0.26 
Dust 
H5A 0.58 0.72 0.61 0.36 0.21 
H5B 0.45 1.21 0.60 0.53 0.15 
H5C 0.20 4.11 0.58 0.39 0.18 
H5D 0.28 2.60 0.58 0.42 0.18 
KIA 0.19 4.36 0.47 0.18 0.04 
KIB 0.52 0.92 0.48 0.67 0.07 
KIC 0.52 0.91 0.46 0.39 0.09 
KID 0.49 1.06 0.47 0.48 0.09 
NIA 0.23 3.41 0.61 0.29 0.16 
NIB 0.26 2.79 0.60 0.35 0.14 
NIC 0.29 2.48 0.55 0.52 0.13 
NID 0.27 2.71 0.58 0.43 0.14 
N7A 0.30 2.37 0.48 0.47 0.14 
N7B 0.36 1.76 0.52 0.48 0.14 
N7C 0.26 2.92 0.48 0.53 0.12 
N7D 0.31 2.24 0.52 0.49 0.14 
N8A 0.17 4.90 0.53 0.14 0.06 
N8B 0.19 4.33 0.53 0.23 0.08 
N8C 0.21 3.70 0.56 0.25 0.17 
N8D 0.20 4.04 0.55 0.25 0.12 
Mean 0.33 1.99 0.56 0.40 0.14 
178: anthracene+phenanthrene; 202: 
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Table 3.6 (Cont'd) Diagnostic ratios of roadside soil, dust and vegetation PAHs in 
Hong Kong. 
Anthracene Phenanthrene Fluoranthene Benz(a)anthracene Indeno( 1,2,3-c,d)pyrene 
Sites /178 /Anthracene /202 /228 /276 
Leaf of Acacia confusa 
H3 0.23 3.26 0.93 0.07 0.21 
H5 0.13 6.52 0.38 0.33 0.42 
K1 0.56 0.77 0.89 0.09 0.40 
K2 0.09 10.19 0.88 0.00 0.05 
N1 0.25 3.04 0.89 0.09 0.54 
N7 0.13 6.68 0.93 0.05 0.60 
N8 0.37 1.73 0.90 0.07 0.42 
NIO 0.11 7.79 0.78 0.07 0.56 
N12 0.63 0.59 0.80 0.19 0.79 
Mean 0.28 4.51 0.82 0.11 0.44 
Leaf of Leucaena leucocephala 
H3 0.41 1.43 0.70 0.12 0.54 
H5 0.18 4.67 0.82 0.07 0.42 
K1 0.68 0.47 0.78 0.10 0.56 
K2 0.34 1.94 0.89 0.07 0.27 
N1 0.45 1.22 0.77 0.06 0.36 
N7 0.18 4.41 0.75 0.04 0.16 
N8 0.22 3.57 0.72 0.04 0.25 
NIO 0.23 3.32 0.65 0.03 0.34 
N12 0.56 0.79 0.57 0.24 0.49 
Mean 0.36 2.42 0.74 0.09 0.38 
Shoot of Paspalum notatum 
H3 0.21 3.80 0.74 0.12 0.59 
K1 0.44 1.27 0.83 0.13 0.32 
K2 0.28 2.51 0.84 0.05 0.59 
N1 0.75 0.33 0.69 0.12 0.47 
N7 0.40 1.48 0.86 0.09 0.49 
NIO 0.07 12.60 0.82 0.12 0.63 
N12 0.13 6.74 0.80 0.07 0.63 
Mean 0.33 4.10 0.80 0.10 0.53 
178: anthracene+phenanthrene; 202: 
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Table 3.6 (Cont'd) Diagnostic ratios of roadside soil, dust and vegetation PAHs in 
Hong Kong. 
Anthracene Phenanthrene Fluoranthene Benz(a)anthracene Indeno(l ,2,3-c,d)pyrene 
Sites /178 /Anthracene /202 /228 /276 
Root of Paspalum notatum 
H3 0.03 30.90 0.63 0.19 0.55 
K1 0.14 6.11 0.39 0.27 0.12 
K2 0.09 10.24 0.36 0.22 0.02 
N1 0.00 - 0.38 0.24 0.06 
N7 0.13 6.45 0.40 0.29 0.01 
NIO 0.09 10.57 0.40 0.34 0.02 
N12 0.03 30.47 0.28 0.14 0.12 
Mean 0.07 15.79 0.41 0.24 0.13 
Shoot of Neyraudia armdinacea 
H3 0.32 2.16 0.82 0.08 0.28 
H5 0.20 4.01 0.81 0.00 0.22 
K1 0.67 0.50 0.84 0.13 0.34 
K2 0.26 2.92 0.87 0.16 0.21 
N1 0.17 4.74 0.79 0.03 0.15 
N7 0.65 0.54 0.72 0.06 0.24 
N8 0.24 3.20 0.84 0.08 0.17 
NIO 0.29 2.45 0.86 0.12 0.14 
N12 0.64 0.57 0.77 0.23 0.17 
Mean 0.38 2.34 0.82 0.10 0.21 
Root of Neyraudia armdinacea 
H3 0.05 19.97 0.58 0.21 0.06 
H5 0.04 27.23 0.43 0.48 0.05 
K1 0.13 6.50 0.45 0.20 0.11 
K2 0.10 9.43 0.28 0.24 0.06 
N1 0.19 4.28 0.59 0.24 0.01 
N7 0.22 3.54 0.37 0.51 0.04 
N8 0.14 5.97 0.30 0.34 0.02 
NIO 0.12 7.08 0.45 0.41 0.05 
N12 0.60 0.65 0.30 0.57 0.03 
Mean 0.18 9.41 0.42 0.35 0.05 
178: anthracene+phenanthrene; 202: fluoranthene+pyrene; 
benz(a)anthracene+chrysene; 276: indeno(l，2，3-c，d)pyrene+benzo(g，h，i)perylene. 
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the major source of dust PAHs was petroleum, which were different from those of 
soil. Therefore the sources of roadside dust PAHs were complex in Hong Kong, 
which were probable because some vegetation fragments mixed in roadside dust, 
which also was demonstrated that the abundant anthracene in vegetation and dust but 
not in soil. 
The diagnostic ratios of PAHs in plant tissues were inconsistent, indicating that 
the sources of roadside vegetation were also complex. For leaf and shoot PAHs, most 
anthracene/178 >0.1 and phenanthrene/anthracene <10 suggesting that PAHs in 
leaves and shoots of the roadside vegetation mainly came from pyrogenic 
combustion, but most benz(a)anthracene/228 <0.2 implying the PAHs mainly came 
from petroleum. Most fluoranthene/202 >0.5 suggesting that the major sources of 
PAHs in leaves and shoots were grass, wood or coal combustion, but where most 
indeno(l,2,3-c,d)pyrene/276 ranged 0.2-0.5, except for shoots of Paspalum notatum, 
indicating the major source of PAHs was likely from liquid fossil fuel combustion. 
The contrary results deduced from the diagnostic ratios show that some plant species 
and specific tissues could not be employed to monitor PAH pollution. For PAHs in 
roots, anthracene/178 and phenanthrene/anthracene were contrary in the two 
different species; most of fluoranthene/202 <0.5，0.2< benz(a)anthracene/228 <0.35 
and indeno(l ,2,3-c,d)pyrene/276 <0.2 were different from those of leaves and shoots. 
The results show greater differences in various plant tissues than plant species, which 
resulted in the variation in PAH uptake and distribution in different tissues. 
3.3.5 PCA and HCA 
Similar to the results of PCA and HCA obtained in Chapter 2，for soil PAHs 
93.5% of the total variance was interpreted by the two retained PCs, viz. PCI and 
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PC2, which explained 57.1% and 36.4% of the variance, respectively (Table 3.7), 
and the 16 individual PAHs were divided into two groups (Figure 3.11). PCI had 
high loading for acenaphthylene, anthracene, pyrene, beiizo(a)anthracene, chrysene, 
benzo(b)fluoranthene, beiizo(k)fluoranthene, benzo(a)pyrene, indeno(l ,2,3-cd)pyrene, 
dibenzo(a,h)anthracene and benzo(g,h,i)perylene, while the first group in HCA 
consisted of acenaphthylene, pyrene, benzo(a)anthracene, chrysene, 
benzo(b)fluoranthene, benzo(k)fluoranthene, benzo(a)pyrene, indeno(l ,2,3-cd)pyrene, 
dibenzo(a,h)anthracene and benzo(g,h,i)perylene, most of which were high MW and 
carcinogenic PAHs. PC2 had high loading for naphthalene, acenaphthene, fluorene, 
phenanthrene and fluoranthene and the second HCA group composed of naphthalene, 
acenaphthene, anthracene, fluorene, phenanthrene and fluoranthene, which were low 
MW PAHs. 
Table 3.7 Rotated component loadings of roadside soil PAHs in Hong Kong. 
PAHs PCI PC2 
Benzo(g,h,i)perylene 0.97 -
Indeno(l ,2,3-cd)pyrene 0.95 0.29 
Chrysene 0.94 0.30 
Acenaphthylene 0.94 0.15 
Benzo(b)fluoranthene 0.91 0.39 
Benzo(a)pyrene 0.88 0.45 
Pyrene 0.88 0.46 
Benzo(k)fluoranthene 0.85 0.47 
Benz(a)anthracene 0.82 0.55 
Dibenz(a，h)anthracene 0.72 -
Anthracene 0.72 0.67 
Acenaphthene - 0.99 
Fluorene - 0.98 
Phenanthrene 0.41 0.90 
Naphthalene 0.38 0.86 
Fluoranthene 0.61 0.77 
Explained variance 57.1% 36.4% 
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Figure 3.11 Hierarchical dendrogram for the 16 individual roadside soil PAHs in 
Hong Kong using average linkage between groups and Pearson correlation as 
measure interval. 
There were also two retained PCs (PCI and PC2) and they presented 84.2% of 
the total variance for dust PAHs (Table 3.8). The 16 PAHs were also grouped into 
two major classes (Figure 3.12). PCI comprised of 53.4% of the variance and had 
loading for acenaphthylene, fluoranthene, pyrene, benzo(a)anthracene, chrysene, 
benzo(b)fluoranthene, benzo(k)fluoranthene, benzo(a)pyrene, indeno(l ,2,3-cd)pyrene, 
dibenzo(a,h)anthracene and benzo(g,h,i)perylene which constituted the second group, 
most of which were high MW and carcinogenic. PC2 interpreted 30.8% of variance 
and had loading for naphthalene，acenaphthene, fluorene, phenanthrene and 
anthracene which made up the first group and were low MW PAHs. The results of 
PCA and HCA were consistent with those obtained in soil PAHs in Hong Kong. 
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Table 3.8 Rotated component loadings of roadside dust PAHs in Hong Kong. 
PAHs PCI PC2 
Beiizo(g,h,i)perylene 0.98 -
Chrysene 0.94 0.10 
Dibenz(a，h)anthracene 0.92 0.19 
Fluoranthene 0.92 0.19 
Benzo(k)fluoranthene 0.90 0.27 
Pyrene 0.90 -
Benzo(a)pyrene 0.89 0.35 
Benz(a)anthracene 0.84 0.13 
Indeno(l，2，3-c，d)pyrene 0.83 0.20 
Benzo(b)fluoranthene 0.76 0.47 
Acenaphthylene 0.68 0.38 
Naphthalene - 0.98 
Acenaphthene - 0.97 
Fluorene 0.14 0.97 
Phenanthrene 0.28 0.87 
Anthracene 0.29 0.78 
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Figure 3.12 Hierarchical dendrogram for the 16 individual roadside dust PAHs in 
Hong Kong using average linkage between groups and Pearson correlation as 
measure interval. 
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For all roadside plant species studied, there were five retained PCs (PCI, PC, 
PCS, PC4 and PCS) and they only explained 69.5% of the total variance (Table 3.9). 
For each species and tissue, there were 3-5 retained PCs (Tables 3.10-3.15), which 
were more than those of soil and dust. The results of HCA for roadside vegetation 
PAHs were different from those of soils and dusts. For all vegetation, the 16 
individual PAHs were differentiated into two major groups (Figure 3.13). The first 
group included most of high MW PAHs and some low MW ones. The second group 
contained the four lowest MW PAHs and the two vehicle marker PAHs, pyrene and 
benzo(g,h,i)perylene, which could be subdivided into the two subgroups. For 
different plant species and tissues, the results of HCA were different with no clear 
pattern for the distinguished groups (Figures 3.14-3.19). The results of PC A and 
HCA indicate the PAHs in roadside vegetation were affected by a variety of factors 
Table 3.9 Rotated component loadings of roadside vegetation PAHs in Hong Kong. 
PAHs PCI PC2 PCS PC4 PCS 
Fluoranthene 0.92 0.19 - - -
Chrysene 0.88 - -0.10 0.12 -
Benzo(b)fluoranthene 0.87 - -0.22 0.30 -
Phenanthrene 0.67 0.14 - - 0.63 
Benzo(k)fluoranthene 0.47 - - 0.42 -
Fluorene 0.29 0.80 - - -0.11 
Naphthalene - 0.77 - - 0.34 
Acenaphthene 0.27 0.71 0.11 0.31 -
Acenaphthylene -0.23 0.55 0.46 - 0.10 
Pyrene 0.12 0.20 0.73 - -
Benzo(g,h,i)perylene -0.38 - 0.69 0.11 -
Dibenz(a,h)anthracene - 0.15 -0.54 0.18 0.30 
Benz(a)anthracene 0.43 0.15 0.52 0.30 0.35 
Benzo(a)pyrene 0.12 - 0.12 0.77 -
Indeno(l,2,3-c,d)pyrene 0.12 - -0.16 0.77 -
Anthracene - - -0.19 -0.11 0.91 
Explained variance 22.8% 13.8% 12.2% 10.7% 10.0% 
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Table 3.10 Rotated component loadings of leaf PAHs of roadside Acacia confusa in 
Hong Kong. 
PAHs PCI PC2 PCS PC4 
Benzo(k)fluoranthene 0.96 - - -
Chrysene 0.94 0.19 - 0.13 
Fluoranthene 0.93 - - 0.22 
Beiizo(b)fluoranthene 0.91 0.14 0.19 -
Phenanthrene 0.81 0.31 -0.18 0.35 
Acenaphthene 0.72 -0.38 0.21 -0.18 
Fluorene 0.72 0.20 - 0.58 
Benz(a)anthracene 0.64 0.63 0.18 -
Acenaphthylene 0.22 0.90 - -
Anthracene - 0.86 -0.30 -
Dibenz(a,h)anthracene 0.11 - 0.79 0.17 
Indeno( 1，2，3-c，d)pyrene - - 0.78 -0.14 
Benzo(g，h，i)perylene -0.25 -0.45 0.72 -0.14 
Benzo(a)pyrene 0.17 - 0.62 -0.46 
Naphthalene - -0.18 -0.16 0.88 
Pyrene 0.46 0.20 - 0.73 
Explained variance 37.5% 16.2% 15.0% 13.4% 
Table 3.11 Rotated component loadings of leaf PAHs of roadside Leucaena 
leucocephala in Hong Kong, 
PAHs PCI PC2 PCS PC4 PCS 
Benzo(b)fluoranthene 0.92 0.28 -0.11 - 0.15 
Fluoranthene 0.92 0.16 - -0.18 0.19 
Chrysene 0.91 0.15 -0.12 - 0.26 
Benzo(k)fluoranthene 0.91 0.26 -0.10 - 0.16 
Pyrene 0.82 - 0.15 0.19 0.15 
Benz(a)anthracene 0.69 0.11 0.62 - -0.20 
Benzo(a)pyrene 0.69 - 0.16 0.54 -0.24 
Acenaphthene 0.23 0.86 0.24 - -
Benzo(g,h,i)perylene - 0.79 -0.34 0.38 -
Naphthalene 0.34 0.78 0.10 -0.19 0.13 
Anthracene -0.29 — 0.91 - • 
Acenaphthylene 0.12 0.27 0.77 -0.22 0.44 
Diben(a,h)zanthracene - 0.14 0.16 -0.80 -0.31 
Indeno(l，2，3-c，d)pyrene - 0.34 - 0.79 -0.32 
Phenanthrene 0.58 - 0.21 - 0.72 
Fluorene 0.61 0.36 - - 0.63 
Explained variance 37.3% 15.8% 13.4% 11.7% 10.1% 
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Table 3.12 Rotated component loadings of root 
arundinacea in Hong Kong. 
PAHs of roadside Neyraudia 
PAHs PCI PC2 PC3 PC4 PCS 
Benzo(a)pyrene 0.87 - -0.12 0.23 -
Beiizo(k)fluoranthene 0.87 0.27 - -0.17 -
Benzo(b)fluoranthene 0.79 0.11 - 0.40 0.11 
Indeno(l，2，3-c，d)pyrene 0.75 - - - -
Chrysene 0.71 - 0.23 -0.32 0.34 
Phenanthrene - 0.95 0.21 - -
Pyrene 0.13 0.94 -0.14 - 0.14 
Fluoranthene 0.24 0.94 0.13 - -
Acenaphthylene - - 0.90 - 0.11 
Acenaphthene - 0.31 0.88 0.11 -
Benzo(g，h，i)perylene - -0.14 0.22 • -0.76 -
Naphthalene - -0.23 0.47 0.75 -
Fluorene - 0.49 0.42 0.69 -0.16 
Anthracene 0.15 0.15 - 0.30 0.85 
Benz(a)anthracene 0.11 0.15 0.36 - 0.64 
Dibenz(a,h)anthracene - 0.15 0.14 0.37 -0.64 
Explained variance 20.8% 20.3% 14.6% 14.0% 11.0% 
Table 3.13 Rotated component loadings of shoot PAHs of roadside Neyraudia 
arundinacea in Hong Kong. 
PAHs PCI PC2 PCS PC4 PC5 
Anthracene 0.96 - - 0.11 -
Phenanthrene 0.95 - 0.11 0.13 -
Acenaphthylene 0.88 - - -0.22 -
Naphthalene 0.82 - 0.45 - -
Chrysene 0.71 0.22 0.21 0.54 -
Benz(a)anthracene 0.64 0.40 - 0.24 0.20 
Fluoranthene 0.62 0.29 0.55 0.29 -
Benzo(a)pyrene - 0.85 -0.23 - -
Benzo(b)fluoranthene 0.44 0.72 0.20 0.36 -
Benzo(k)fluoranthene 0.25 0.71 0.21 0.44 0.30 
Indeno(l，2，3-c，d)pyrene 0.23 0.70 0.43 0.17 -
Benzo(g,h,i)perylene - 0.19 0.88 - -
Acenaphthene - -0.12 0.77 - -
Dibenz(a,h)anthracene -0.14 0.32 - 0.81 0.11 
Pyrene 0.52 - 0.23 0.72 -0.23 
Fluorene - - - - 0.99 
Explained variance 32.5% 16.8% 14.5% 12.8% 7.50% 
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Table 3.14 Rotated component loadings of root PAHs of roadside Paspalum notatum 
in Hong Kong. 
PAHs PCI PC2 PCS 
Acenaphthylene 0.96 -0.12 -
Fluorene 0.91 0.13 -0.24 
Phenanthrene 0.91 0.24 -
Fluoranthene 0.88 0.27 0.19 
Naphthalene 0.86 - -0.21 
Acenaphthene 0.83 0.18 -
Pyrene 0.82 - 0.27 
Anthracene 0.77 0.47 0.29 
Benz(a)anthracene 0.65 0.62 0.37 
Benzo(a)pyrene 0.10 0.97 -
Benzo(b)fluoranthene 0.10 0.94 • -
Benzo(k)fluoranthene 0.37 0.87 -
Indeno(l ,2,3-c,d)pyrene -0.15 0.78 -0.39 
Chrysene 0.48 0.78 0.36 
Benzo(g，h，i)perylene 0.19 - 0.93 
Dibenz(a，h)anthracene -0.28 - 0.76 
Explained variance 43.7% 28.8% 13.6% 
Table 3.15 Component loadings of shoot PAHs of roadside Paspalum notatum in 
Hong Kong (Rotation failed). 
PAHs PCI PC2 PCS PC4 PCS 
Fluoranthene 0.93 -0.14 -0.14 -0.20 _ 
Benzo(b)fluoranthene 0.86 -0.37 - -0.19 -
Pyrene 0.80 0.27 -0.29 - -0.14 
Chrysene 0.79 - 0.26 -0.47 0.15 
Beiiz(a)anthracene 0.79 - 0.36 -0.33 0.12 
Benzo(a)pyrene 0.75 - 0.32 0.13 -0.29 
Indeno(l，2，3-c，d)pyrene 0.73 -0.24 -0.20 0.49 0.17 
Naphthalene - 0.94 -0.18 -0.11 0.17 
Acenaphthylene -0.10 0.84 - - 0.40 
Anthracene -0.37 0.83 0.21 . - 0.21 
Phenanthrene 0.30 0.70 0.56 - • 
Fluorene 0.45 0.68 -0.49 - -
Acenaphthene 0.60 0.67 -0.33 0.15 -0.19 
Dibenz(a,h)anthracene -0.18 0.50 0.58 0.25 -0.40 
Benzo(k)fluoranthene 0.55 - 0.13 0.66 -
Benzo(g,h,i)perylene 0.35 -0.30 0.39 0.38 0.64 
Explained variance 36.7% 27.0% 10.6% 8.48% 6.41% 
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Figure 3.13 Hierarchical dendrogram for the 16 individual PAHs in roadside 
vegetation in Hong Kong using average linkage between groups and Pearson 
correlation as measure interval. 
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Figure 3.14 Hierarchical dendrogram for the 16 individual leaf PAHs of roadside 
Acacia confusa in Hong Kong using average linkage between groups and Pearson 
correlation as measure interval. 
96 


















Rescaled Distance Cluster Combine 



















Figure 3.15 Hierarchical dendrogram for the 16 individual leaf PAHs of roadside 
Leucaena leucocephala in Hong Kong using average linkage between groups and 
Pearson correlation as measure interval. 
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Figure 3.16 Hierarchical dendrogram for the 16 individual root PAHs of roadside 
Neyraudia arundinacea in Hong Kong using average linkage between groups and 
Pearson correlation as measure interval. 
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Figure 3.17 Hierarchical dendrogram for the 16 individual shoot PAHs of roadside 
Neyraudia arundinacea in Hong Kong using average linkage between groups and 
Pearson correlation as measure interval. 
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Figure 3.18 Hierarchical dendrogram for the 16 individual root PAHs of roadside 
Paspalum notatum in Hong Kong using average linkage between groups and Pearson 
correlation as measure interval. 
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Figure 3.19 Hierarchical dendrogram for the 16 individual shoot PAHs of roadside 
Paspalum notatum in Hong Kong using average linkage between groups and Pearson 
correlation as measure interval. 
which were more complicated than those in roadside soil and dust. 
The results of PCA and HCA were similar for soil, dust and vegetation PAHs in 
this study, suggesting that the two analytical methods were good statistical 
techniques for PAHs contamination and it could be enough that only one was used. 
3.3.6 Relationships of PAH contents between vegetation, dust and soil, and soil 
physicochemical properties and AADT 
There were significant correlations (r>0.5, p<0.001) among most soil PAH 
contents, and strong significant correlations (r>0.8, p<0.001) between most individual 
and total 16 PAHs contents (Table 3.16), which resembled the result of Chapter 2， 
suggesting that the 16 roadside soil PAHs were fairly constant at different sampling 
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sites and came from similar sources. Although the correlations of dust PAH contents 
were not as strong as those of soil, there were significant correlations (r>0.5, p<0.001) 
among most PAH contents (Table 3.17), implying that the 16 roadside dust PAHs were 
fairly constant at different sampling sites and came from similar sources. Except for a 
few PAHs, the correlations of vegetation PAH contents were relatively weak ( K O . S ) 
in comparison with soil and dust PAHs (Table 3.18), but most of them were 
significant (p<0.05), suggesting that at different sites and for different species and 
tissues the sources and influencing factors of plant PAHs appear highly variable and 
fairly complex. 
Most of correlations of vegetation (leaves of Acacia confusa and Leucaena 
leucocephala, and roots and shoots of Neyraudia armdinacea and Paspalum 
notatum), dust particle size (<0.125 mm, 0.125-0.25mm, 0.25-.5 mm and <0.5 mm 
particle) and soil PAH contents, soil physicochemical properties (moisture, pH, EC, 
SOM) and AADT were not significant (p>0.05) and different for different PAHs 
(Table 3.19). 
The correlations of soil PAH contents and soil physicochemical properties and 
AADT were consistent with the findings of Chapter 2 that soil PAH contents were 
significantly correlated (p<0.05) with SOM, soil moisture contents and soil EC, but 
not significantly correlated (p>0.05) with soil pH and AADT. 
Except for a few PAHs, there were significant correlations (r>0.5, p<0.01) 
among the PAH contents of different dust particles, implying common PAHs sources 
for different particles. Except that some dust PAH content were significantly 






















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Chapter 3 PAH concentrations in roadside vegetation, dusts and soils 
correlations (p>0.05) between dust PAH contents and soil physicochemical 
properties, which were probably because both vehicle exhaust emissions and soil 
typically contributed to most street dust (Spassov et al.，2004) and soil PAH contents 
were significantly correlated (p<0.05) with soil moisture contents. Surprisingly, most 
of dust PAH contents were negatively and significantly correlated (p<0.05) with 
AADT, which was probably because that the AADT could not represent the vehicular 
capacity, and the diagnostic ratios of dust PAHs indicated other possible sources 
besides car exhaust. Takada et al. (1991) indicated though automobile exhaust was a 
major source of PAHs in street dust, a poor relationship was observed between PAH 
content and traffic density. 
Among the different plant species in this study, only PAH contents of roots of 
Neyraudia arundinacea and Paspalum notatum had significant correlations (p<0.05), 
implying vegetation uptake PAHs was affected by species and tissues as well as PAH 
properties. Many other studies also indicated the different uptake capacities of 
different vegetation species and tissues, and different PAHs accumulated to different 
extent (Kipopoulou et al., 1999; Gao and Zhu, 2004; Tao et al., 2004; Tao et al., 
2006a). For Neyraudia arundinacea and Paspalum notatum, there were almost no 
significant correlations (p>0.05) between their PAH contents in root and shoot, 
showing that PAH translocation in the plant tissues may be very few. Similar to soil 
PAHs, most PAHs had no significant correlation (p>0.05) in their concentration in 
plants and AADT, which was probably because of the failure of AADT to represent 
the capacity of the vehicle exhaust, and PAH uptake by plants were affected by a 
number of factors (Simonich and Hites, 1994; Duarte-Davidson and Jones, 1996; 
Kipopoulou et al., 1999). Otvos et al. (2004) demonstrated a positive linear 
relationship between m o s s e s {Hypnum cupressiforme) PAH levels and traffic volume, 
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but Lehndorff and Schwark (2004) showed that the median values for PAH 
concentration in pine needles {Pinus nigra) taken along major roads were lower than 
those for minor roads, which was probable because of different plant species in the 
two studies. The four plant species used in this study may not be appropriate to 
monitor the trends in PAH pollution. The PAH contents in roadside soil, dust and 
vegetation were not significantly correlated with AADT, suggesting that AADT may 
not represent the capacity of vehicle exhaust, or roadside PAH contamination may 
not be serious in Hong Kong. 
Despite the absence of significant correlations (p>0.05) between vegetation and 
soil PAH contents in general, most PAH contents in roots of Neyraudia arundinacea 
and soil PAH contents had significant correlations (p<0.05), suggesting that root 
PAHs mainly came from soil, while shoot and leaf PAHs probably came from the 
atmosphere. These have been evidenced by Fismes et al. (2002), Krauss et al.，2005 
and Tao et al. (2006a and 2006b). Only some PAHs had positive significant 
correlations (p<0.05) for their contents in roots of Neyraudia arundinacea and soil 
moisture content, and some PAH contents of shoot of Paspalum notatum and soil pH 
had negative significant correlations (p<0.05). Soil moisture could dissolve PAHs, 
which consequently increase plant uptake. Concentrations of some PAHs in Acacia 
confusa leaf, Neyraudia arundinacea shoot and Paspalum notatum root were 
negatively and significantly correlated (p<0.05) with dust PAH contents, while some 
PAH contents in Neyraudia arundinacea root were positively correlated (p<0.05) 
with dust PAH contents. Vegetation PAHs mainly came from the atmosphere (Fismes 
et al” 2002; Krauss et al., 2005; Tao et al., 2006b); plants hardly adsorbed PAHs 
from deposited dust and vegetation adsorbed atmospheric PAHs which would cause 
less PAHs depositing in dust. When PAHs were present at relatively high 
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concentration in the environment, their concentrations in dust and vegetation should 
also be high and there should be positive correlations between them. Poor 
correlations were observed in PAH contents between vegetation and soil or dust as 
PAHs uptake by plants were affected by various factors (Simonich and Hites, 1994; 
Duarte-Davidson and Jones, 1996; Kipopoulou et al.，1999). 
3.4 Conclusion 
The concentrations of 16 individual US EPA priority pollutants PAHs in Hong 
Kong roadside varied from very low to 95.0 |ig/kg in soils, 5.23-7,920 jig/kg in dusts 
and undetectable level to 548 ^g/kg in vegetation. The total concentrations of the 16 
PAHs ranged from 10.6-527 ng/kg in soils, 1,980-22,500 |ig/kg in dusts and 
32.1-906 |ig/kg in vegetation. Comparing with the data obtained in other studies, the 
soil and dust PAH contents were relatively low and vegetation PAH contents were of 
medium levels. The most abundant PAHs in soil were 4-ringed, while those in dust 
and vegetation were 3-ringed. The diagnostic ratios of PAH contents indicated the 
source of roadside soil PAHs was main liquid fossil fuel combustion but those of 
roadside dust and vegetation were hard to distinguish, implying that the PAHs in dust 
and vegetation may have multiple sources. 
The PCA and HCA showed similar results. According to the results of PCA， 
two PCs were retained for the PAH contents of soils and dusts, which accounted for 
93.5% and 84.2% of the total variance, but five PCs were retained for those of 
vegetations which only presented 69.5% of the total variance. The 16 individual 
PAHs were divided into two major groups for soils, dusts and vegetation by the HCA 
but it is difficult to explain the distinguished groups for vegetation, especially for 
each species and tissue. The correlations among most of the 16 PAH contents were 
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relatively good and significant (p<0.001) for soils and dusts but poor for vegetation. 
The results show that the 16 PAHs in soils and dusts were fairly constant at different 
sampling sites and came from similar sources, but the sources and influencing factors 
for vegetation were probably different and fairly complicated for different species 
and tissues at different sampling sites. 
The relationship of PAHs in vegetation, dust and soil were poor and only a few 
of them had significant correlations (p<0.05), which were probably because the 
uptake by plants were affected by a variety of factors and some dust samples were 
contaminated by vegetation fragments. Despite the positive correlation of soil PAH 
contents and SOM, there were no significant correlations (p>0.05) in the PAH 
concentrations among vegetation, dust and soil, and the measured soil 
physicochemical properties. There were also no positive significant correlations 
(p>0.05) between PAH contents and AADT, probably due to the reason that the 
AADT failed to represent the capacity of vehicle exhaust, or the roadside PAH 
contamination by vehiclular exhaust may be not serious in Hong Kong. The four 
vegetation species, Acacia confusa, Leucaena leucocephala, Neyraudia arundinacea 
and Paspalum notatum, may not be appropriate for monitoring PAH pollution. 
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Chapter 4 Vertical and horizontal distribution of PAHs in 
roadside soil and their influences on soil microbial 
characteristics 
4.1 Introduction 
Soil is the most important medium for the migration and accumulation of PAHs, 
and a greater amount of PAHs in the human bodies came from the soils than water 
and atmosphere (Menzie et al.，1992). It is therefore very important to understand the 
distribution of PAHs in soil, but the information of vertical distribution of soil PAHs 
is relatively limited. The previous study in Chapter 2 shows that PAHs in roadside 
soils in Hong Kong mainly came from vehicles, and this part focuses on the vertical 
and horizontal distributions of roadside soil PAHs. 
Soil microbes respond rapidly to soil perturbation and are very sensitive to low 
concentrations of pollutants. Fluctuations in soil quality would cause the alteration of 
their activities and diversities, so they are considered the best indicators of soil 
pollution (Kennedy and Smith, 1995; Dick et al, 1996; Dilly and Munch, 1998; 
Suter et al , 2000; Schloter et al, 2003; Andreoni et al., 2004). Soil microbial 
characteristics were generally including soil microbial biomass, microbial 
communities and enzyme activities, and which were used as bio-indicators of soil 
health (Van Beelen and Doelman, 1997; Dilly and Munch, 1998; Margesin et al, 
2000a, b; Harris, 2003). 
Soil enzyme activities, which are the driving force behind all the biochemical 
transformations occurring in soil, are considered to be sensitive to pollution. Their 
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evaluation could provide useful information on soil microbial activities, and they 
have been suggested as suitable indicators of soil quality (Dick, 1994; Dick et al.， 
1996; Nannipieri et al., 2002; Gianfreda et al” 2005; Shen et al., 2005). Urease 
catalyzes the hydrolysis of urea to carbon dioxide and ammonium, and is widely 
distributed in microorganisms, plants and animals (Nannipieri et al., 2002). 
Dehydrogenase activity typically occurs in all intact, viable microbial cells and its 
measurement is usually related to the presence of viable microorganisms and their 
oxidative capability (Trevors, 1984). Urease and dehydrogenase are frequently used 
to determine the influence of pollutants on the soil microbial quality (Margesin et al., 
2000a, b; Kunito et al., 2001; Gianfreda et al., 2005; Shen et al., 2005). 
This study aims to investigate the vertical and horizontal distributions of PAHs 
in roadside soil in Hong Kong and assess their influences on roadside soil microbial 
characteristics, including soil microbial biomass carbon, microbial communities and 
enzyme activities. 
4.2 Materials and methods 
4.2.1 Sampling 
According to the PAH contents examined in the 21 sampling sites (Chapter 2)， 
five sampling sites, namely H5, Kl, N l , N7 and N8, were chosen for investigating 
the vertical and horizontal distributions of PAHs in roadside soil and their 
relationships with soil microbes and enzymes. The location and AADT of the 
sampling sites are shown in Figure 2.1 and Table 2.1 (Chapter 2). Soils were sampled 
at three different distances (0-1 m，1-2 m，2-5 m) from the kerb in January 2006. Soil 
from four different depths (0-10 cm, 10-20 cm, 20-30 cm, 30-40 cm) were collected 
at 0-1 m from the kerb; and only one depth (0-10 cm) was sampled in 1-2 m and 2-5 
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m distances. In each sampling depth and distance of each sampling site, 12 cores of 
soil were randomly collected using a 4-cm diameter stainless steel soil core, and then 
4 cores were mixed to form composite sample and subsequently there were 3 
composite samples. There were 18 composite soil samples at each sampling site and 
a total of 90 samples from all sites. Each sample was divided into two portions. One 
was stored at 4°C for the determination of microbial biomass carbon and 
enumeration of microbial community; the other was air-dried in darkness and room 
temperature for 2 weeks and then sieved through a 2-mm mesh sieve and stored at 
4°C for further analysis. 
4 . 2 . 2 S o i l p h y s i c o c h e m i c a l p r o p e r t i e s a n a l y s i s 
Soil moisture, texture, pH, EC and SOM were determined according to the 
same methods as described in Chapter 2 (2.2.2). 
4 . 2 . 3 S o i l m i c r o b i a l b i o m a s s c a r b o n a n a l y s i s 
Soil microbial biomass carbon was determined by the fumigation-extraction 
technique (Ohlinger, 1995). Two portions of about 50 g fresh soil sample were 
weighed. One was fumigated with chloroform for 24 hours and then the chloroform 
was removed, and the other was not fumigated. Two samples were added with 250 
ml 0.5 M potassium sulfate solution (K2SO4) and shaken at 200 rpm for 30 minutes 
and filtered. The filtrates were analyzed by a Shimadzu Total Organic Carbon 
Analyzer (TOC-5000A and ASI-5000A) for organic carbon. The biomass carbon was 
calculated from: biomass carbon = (organic carbon of fumigated sample 一 organic 
carbon of no fumigated sample)/0.35. 
4 . 2 . 4 S o i l m i c r o b i a l c o m m u n i t y a n a l y s i s 
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Communities of soil bacteria and fiingi were determined by the 10-fold serial 
dilution plate technique. Aseptic techniques were practised. About 10 g fresh soil 
sample was weighed and added to an autoclaved conical flask with 90 ml of 
sterilized 0.85% sodium chloride (NaCl) solution. The mixture was then shaken at 
200 rpm for 30 minutes until fully dispersed and immediately 1 ml of the suspension 
was transferred to an autoclaved test tube with 9 ml sterilized 0.85% NaCl solution. 
The mixture was mixed with a Thermolyne M37610-26 Vortex Mixer and then the 
dilution procedure was continued until there were a 10-fold dilution series ranging 
from 10-1 to 10-5. Colony forming units (CPUs) were enumerated by spreading 100 
|xl of diluted sample on LB agar (Difco) plates for bacteria and potato dextrose agar 
(PDA, Difco) and streptomycin plates for fungi. Three serially diluted solutions were 
selected for each microbe and three replicates were done. All cultures were incubated 
at 28°C for 2 days for bacteria and 5 days for fungi after which colonies were 
counted. 
4.2.5 Soil enzyme activity analysis 
Urease activity was determined by colorimetric method (Kandeler, 1995b). Two 
portions of about 5 g air-dried soil samples were weighed into two Erlenmeyer flasks, 
and then 2.5 ml of substrate solution (79.9 mM urea solution) and 2.5 ml of distilled 
water were added dropwise to one (sample) and the other (control), respectively. The 
two flasks were stoppered and incubated for 2 hours at 37°C, after which 2.5 ml of 
distilled water and 2.5 ml of substrate solution were added to sample and control, 
respectively. Then 50 ml of 2 M potassium chloride (KCl) solution was added to both 
sample and control and shaken at 200 rpm for 30 minutes and filtered. One ml filtrate 
was pipetted and mixed with 9 ml of distilled water, 5 ml of 0.1 M sodium hydroxide 
(NaOH) and 0.35 M sodium salicylate solution, and 2 ml of dichlorisocyanurate 
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solution into a test tube. After being stood for 30 minutes at room temperature, the 
absorbance of the mixture was measured by a spectrophotometer at 660 nm. The 
concentration of ammonium-nitrogen (NH/-N) of the mixture was calculated from 
the calibration curve. The urease activity was calculated with the concentrations of 
NH4+-N of the sample and control. 
Dehydrogenase activity was also determined by the colorimetric technique 
(Tabatabai，1982). About 6 g of mixture of soil sample/calcium carbonate (CaCOs) 
(100:1) (w/w) was weighed into a test tube. One ml of 3% aqueous solution of 
2,3,5-triphenyltetrazolium chloride (TTC) and 2.5 ml of distilled water were added 
and mixed with a glass rod. The tube was stoppered and incubated for 24 hours at 
37�C，after which 10 ml of methanol was added and shaken for 1 minute. The 
suspension was filtered through a glass funnel plugged with absorbent cotton into a 
100 ml volumetric flask and diluted to 100 ml with methanol. The intensity of the 
reddish color was measured by a spectrophotometer at 485 nm. The amount of 
2,3,5-triphenyl formazan (TPF) was calculated from the calibration curve. The 
dehydrogenase activity was expressed as the amount of TPF produced. 
4 . 2 . 6 S o i l P A H a n a l y s i s 
Soil PAHs were determined using the same method as described in the Chapter 
2(2.2.3.1). 
4 . 2 . 7 S t a t i s t i c a l a n a l y s i s 
The data were processed by SPSS® 12.0 for Windows. The means and 
standard deviations were calculated. The differences among sampling sites and 
sampling areas were analyzed by one-way ANOVA and Tukey's HSD test at p=0.05 
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unless otherwise specified. The correlations of soil PAH contents and microbial 
characteristics or physicochemical properties were analyzed by bivariate correlations. 
All data were presented in a dry weight basis. 
4.3 Resul ts and discussion 
4.3.1 Vertical distribution 
Although significant differences (p<0.05) existed in few of the 16 soil PAH 
contents between the different depths except in Kl, on the whole, the 16 PAHs 
decreased in concentration with increasing soil depths, especially rapidly from 0-10 
cm to 10-20 cm but slowly in the lower three depths (Figure 4.1), which may be 
explained by their intrinsic chemical stability, adsorption to soil, low water solubility 
and poor leachability and mobility in soil. For Kl and mean of all sites, there were 
significant differences (p<0.05) only between the surface layer and the three other 
layers but not among the subsurface layers. For the mean of all sites, there were 
significant differences (p<0.05) among the different depths mostly for high 
molecular weight PAHs, which was probably because that low molecular weight 
PAHs had greater solubility, volatility and bioavailability, which leached and moved 
downwards more easily than high molecular weight PAHs. Similar result was also 
obtained by Chen et al. (2003; 2004) and Ping et al. (2007). 
There were no significant differences (p>0.05) in the total 16 PAHs 
concentrations at different soil depths in most sites, but their contents were the 
highest in the surface soil, which generally decreased along depth (Figure 4.2)，and 
was consistent with the findings of Cousins et al. (1999b) and Chen et al. (2003; 
2004). 
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Figure 4.1 Vertical distribution of roadside soil PAHs in Hong Kong. (Values 
followed by different letters between different depths for each PAH were 
significantly different at p<0.05 level by the Tukey's HSD Test.) 
1. Naphthalene, 2. Acenaphthylene, 3. Acenaphthene, 4. Fluorene, 5. Phenanthrene, 
6. Anthracene, 7. Fluoranthene, 8. Pyrene, 9. Beiiz(a)anthracene, 10. Chrysene, 11. 
Beiizo(b)fluoranthene, 12. B^iizo(k)fluoranthene, 13. Benzo(a)pyrene, 14. 
Indeno(l，2，3-cd)pyrene，15. Dibenz(a,h)anthracene, 16. Benzo(g,h,i)perylene. 
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Figure 4.1 (Cont'd) Vertical distribution of roadside soil PAHs in Hong Kong. 
(Values followed by different letters between different depths for each PAH were 
significantly different at p<0.05 level by the Tukey's HSD Test.) 
1. Naphthalene, 2. Acenaphthylene, 3. Acenaphthene, 4. Fluorene, 5. Phenanthrene, 
6. Anthracene, 7. Fluoranthene，8. Pyrene, 9. Benz(a)anthracene, 10. Chrysene, 11. 
Benzo(b)fluoranthene, 12. Benzo(k)fluoranthene, 13. Benzo(a)pyrene, 14. 
Indeno(l ,2,3-cd)pyrene, 15. Dibenz(a,h)anthracene, 16. Benzo(g，h,i)perylene. 
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Figure 4.1 (Cont'd) Vertical distribution of roadside soil PAHs in Hong Kong. 
(Values followed by different letters between different depths for each PAH were 
significantly different at p<0.05 level by the Tukey's HSD Test.) 
1. Naphthalene, 2. Acenaphthylene, 3. Acenaphthene, 4. Fluorene, 5. Phenanthrene, 
6. Anthracene, 7. Fluoranthene, 8. Pyrene, 9. Benz(a)anthracene, 10. Chrysene, 11. 
Benzo(b)fluoranthene, 12. Benzo(k)fluoranthene, 13. Beiizo(a)pyrene, 14. 
Indeno(l,2,3-cd)pyrene, 15. Dibenz(a,h)anthracene, 16. Benzo(g,h,i)perylene. 
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Figure 4.2 Vertical distribution of roadside soil total 16 PAH contents, microbial 
characteristics and physicochemical properties in Hong Kong. (Values followed by 
different letters between different depths for each site were significantly different at 
p<0.05 level by the Tukey's HSD Test.) M denotes mean of all sites. 
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Figure 4.2 (Cont'd) Vertical distribution of roadside soil total 16 PAH contents, 
microbial characteristics and physicochemical properties in Hong Kong. (Values 
followed by different letters between different depths for each site were significantly 
different at p<0.05 level by the Tukey's HSD Test.) M denotes mean of all sites. 
The vertical distributions of the soil microbial characteristics, including 
microbial biomass carbon, bacterial and fungal counts, urease and dehydrogenase 
activities, and SOM contents were similar to those of soil PAH contents, which 
decreased with increasing depths at most sites. There were significant differences 
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(p<0.05) among different depths for few sites，implying good correlations between 
soil PAH contents and microbial parameters. SOM has a strong controlling influence 
on the vertical distribution of soil PAH contents, because once deposited to soil, 
PAHs would predominantly adsorb to SOM which will become the most important 
carrier for PAH migration (Cousins et al, 1999b; Chen et al.，2003; 2004). The 
vertical distribution patterns of other soil physicochemical properties, including pH, 
EC, texture and moisture contents, were different to those of soil PAHs, and their 
distributions varied in different sites, except that fresh soil moisture contents 
increased with depths at most sites, suggesting that there might be few correlations 
among soil PAH contents and them, which was in accordance with the findings of 
Cousins et al. (1999b). 
For the different sites, there were significant differences (p<0.05) in soil 
microbial biomass carbon, bacterial counts and physicochemical properties except 
for SOM in most sampling depths (Table 4.1). Similarly, there were significant 
differences (p<0.05) in SOM, fungal counts, urease and dehydrogenase activities and 
most PAH contents in 0-10 cm depth, but few significant differences (p<0.05) among 
them in the three depths >10 cm. These also show that the vertical migration of 
PAHs could be difficult and was not much affected by soil physicochemical 
properties except SOM. 
4.3.2 Horizontal distribution 
Significant differences (p<0.05) were hardly found for contents of the 16 PAHs 
between the different distances, but the 16 PAHs decreased in concentrations with 
increasing distances from the road except for N7 site (Figure 4.3). Yang et al. (1991) 
and Tuhackova et al. (2001) indicated the highest concentrations of roadside soil PAHs 
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Table 4.1 One-way ANOVA table of roadside soil PAH contents, microbial 
characteristics and physicochemical properties among different sites for each depth 
in Hong Kong. 
Depth 0-10 cm 10-20 cm 20-30 cm 30-40 cm 
F Sig. F Sig. F Sig. F Sig. 
Naphthalene 3.00 0.07 3.63 0.05 1.97 0.18 3.48 0.06 
Acenaphthylene 5.26 0.02 8.28 0.00 0.81 0.55 19.26 0.00 
Acenaphthene 3.73 0.04 3.46 0.06 1.73 0.22 3.53 0.05 
Fluorene 4.05 0.03 3.41 0.06 1.68 0.23 2.49 0.12 
Phenanthrene 4.09 0.03 4.59 0.03 1.59 0.25 2.94 0.08 
Anthracene 3.26 0.06 4.03 0.04 1.04 0.43 2.41 0.13 
Fluoranthene 7.32 0.01 3.18 0.07 1.28 0.34 3.03 0.08 
Pyrene 8.14 0.00 3.63 0.05 1.06 0.43 3.41 0.06 
Benz(a)anthracene 7.44 0.00 5.30 0.02 1.02 0.44 3.60 0.05 
Chrysene 9.77 0.00 4.48 0.03 1.01 0.45 4.03 0.04 
Benzo(b)fluoranthene 4.44 0.03 2.99 0.08 0.95 0.48 5.23 0.02 
Benzo(k)fluoranthene 6.23 0.01 2.66 0.10 1.03 0.44 7.36 0.01 
Benzo(a)pyrene 4.65 0.02 6.60 0.01 0.90 0.50 6.32 0.01 
Indeno(l ,2,3-cd)pyrene 3.12 0.07 3.05 0.08 0.82 0.54 9.67 0.00 
Dibenz(a,h)anthracene 2.88 0.08 3.63 0.05 0.98 0.46 5.95 0.01 
Benzo(g，h，i)perylene 6.95 0.01 3.87 0.04 0.90 0.50 12.92 0.00 
Total 16 PAHs 4.53 0.02 3.75 0.05 1.09 0.41 3.58 0.05 
Biomass carbon 10.32 0.00 7.77 0.00 3.71 0.04 1.59 0.25 
Bacteria 13.80 0.00 72.10 0.00 3.56 0.05 5.32 0.01 
Fungi 1.74 0.22 1.24 0.35 1.28 0.34 2.13 0.15 
Urease 9.55 0.00 2.90 0.08 3.15 0.06 6.30 0.01 
Dehydrogenase 7.40 0.00 2.28 0.13 2.56 0.10 0.47 0.76 
PH 6.03 0.01 10.82 0.00 10.16 0.00 16.86 0.00 
EC 3.67 0.04 3.86 0.04 2.88 0.08 3.52 0.05 
SOM 5.11 0.02 2.10 0.16 1.29 0.34 13.47 0.00 
Clay 3.70 0.04 3.15 0.06 3.85 0.04 3.21 0.06 
Silt 1.29 0.34 28.87 0.00 9.15 0.00 10.54 0.00 
Sand 1.72 0.22 7.92 0.00 4.92 0.02 4.67 0.02 
Air-dried soil moisture 17.32 0.00 7.06 0.01 6.39 0.01 22.21 0.00 
Fresh soil moisture 23.96 0.00 11.53 0.00 4.16 0.03 10.78 0.00 
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Figure 4.3 Horizontal distribution of roadside soil PAHs in Hong Kong. (Values 
followed by different letters between different distances for each PAH were 
significantly different at p<0.05 level by the Tukey's HSD Test). 
1. Naphthalene, 2. Acenaphthylene, 3. Acenaphthene, 4. Fluorene, 5. Phenanthrene, 
6. Anthracene, 7. Fluoranthene, 8. Pyrene, 9. Benz(a)anthracene, 10. Chrysene, 11. 
Benzo(b)fluoranthene, 12. Benzo(k)fluoranthene, 13. Benzo(a)pyrene, 14. 
Indeno( 1,2,3-cd)pyrene, 15. Dibenz(a,h)anthracene, 16. Benzo(g,h,i)perylene. 
139 
Chapter 4 Vertical and horizontal distribution of PAHs in roadside soil and their influences on soil 
microbial characteristics 
12 3 4 5 6 8 ^ l o i i n U I T J i ^ s 
Figure 4.3 (Cont'd) Horizontal distribution of roadside soil PAHs in Hong Kong. 
(Values followed by different letters between different distances for each PAH were 
significantly different at p<0.05 level by the Tukey's HSD Test.) 
1. Naphthalene, 2. Acenaphthylene, 3. Acenaphthene, 4. Fluorene, 5. Phenanthrene, 
6. Anthracene, 7. Fluoranthene, 8. Pyrene, 9. Benz(a)anthracene, 10. Chrysene, 11. 
Benzo(b)fluoranthene, 12. Beiizo(k)fluoranthene, 13. Beiizo(a)pyrene, 14. 
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Figure 4.3 (Cont'd) Horizontal distribution of roadside soil PAHs in Hong Kong. 
(Values followed by different letters between different distances for each PAH were 
significantly different at p<0.05 level by the Tukey's HSD Test.) 
1. Naphthalene, 2. Acenaphthylene, 3. Acenaphthene, 4. Fluorene, 5. Phenanthrene, 
6. Anthracene, 7. Fluoranthene, 8. Pyrene, 9. Benz(a)anthracene, 10. Chrysene, 11. 
Benzo(b)fluoranthene, 12. Benzo(k)fluoranthene, 13. Benzo(a)pyrene, 14. 
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at sampling locations closest to the kerb. Contrastingly in N7, the 16 PAHs increased 
in concentrations with increasing distances from the road, which was probably 
because the road was elevated about 5 m above the roadside sampling area and the 
vehicle discharges might transfer a longer distance before they deposited into soil. 
Except N7 site, the total 16 PAH contents of roadside soil decreased with 
increasing distances from the road, although the changes had no significant (p>0.05) 
(Figure 4.4). There were few significant difference (p>0.05) among roadside soil 
microbial characteristics and physicochemical properties at the different distances; 
and their horizontal distributions were different at different sampling sites, which 
were different to their vertical distributions, except that fresh soil moisture contents 
increased with increasing distances from the road in most sites, suggesting that the 
relationships of them and roadside soil PAHs on the horizontal distribution might be 
relatively small. The relatively small differences between the three distances 
indicates the small changes in PAH concentrations within the 5 m being studied. 
Similar to the 0-1 m from kerb, there were significant differences (p<0.05) among 
soil PAH contents, microbial characteristic and physicochemical properties in the 
other two distances in the surface layer (0-10 cm) soil for the different sites (Table 4.2). 
4.3.3 Influences of roadside soil PAH on microbial characteristics 
The influences of roadside PAHs on soil microbial characteristics were different 
in different sampling areas, which are reflected by the different relationships of 
roadside soil PAH contents and various microbial parameters, including microbial 
biomass carbon, bacterial and fungal counts, urease and dehydrogenase activities, 
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Figure 4.4 Horizontal distribution of roadside soil total 16 PAH contents, microbial 
characteristics and physicochemical properties in Hong Kong. (Values followed by 
different letters between different distances for each site were significantly different 
at p<0.05 level by the Tukey's HSD Test.) M denotes mean of all sites. 
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Figure 4.4 (Cont'd) Horizontal distribution of roadside soil total 16 PAH contents, 
microbial characteristics and physicochemical properties in Hong Kong. (Values 
followed by different letters between different distances for each site were 
significantly different at p<0.05 level by the Tukey's HSD Test.) M denotes mean 
of all sites. 
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Table 4.2 One-way ANOVA table of roadside soil PAH contents, microbial 
characteristics and physicochemical properties among different sites for each 
distance in Hong Kong. 
Distance 0-1 m 1-2 m 2-5 m 
F Sig. F Sig. F Sig. 
Naphthalene 3.00 0.07 4.94 0.02 5.85 0.01 
Acenaphthylene 5.26 0.02 6.96 0.01 3.60 0.05 
Acenaphthene 3.73 0.04 5.27 0.02 33.22 0.00 
Fluorene 4.05 0.03 8.09 0.00 28.68 0.00 
Phenanthrene 4.09 0.03 9.57 0.00 10.00 0.00 
Anthracene 3.26 0.06 6.39 0.01 3.23 0.06 
Fluoranthene 7.32 0.01 19.87 0.00 4.56 0.02 
Pyrene 8.14 0.00 9.65 0.00 3.52 0.05 
Benz(a)anthracene 7.44 0.00 16.44 0.00 3.83 0.04 
Chrysene 9.77 0.00 11.26 0.00 4.14 0.03 
Benzo(b)fluoranthene 4.44 0.03 9.60 0.00 3.50 0.05 
Benzo(k)fluoranthene 6.23 0.01 14.47 0.00 3.80 0.04 
Benzo(a)pyrene 4.65 0.02 12.09 0.00 4.22 0.03 
Indeno(l ,2,3-cd)pyrene 3.12 0.07 8.38 0.00 2.72 0.09 
Dibenz(a，h)anthracene 2.88 0.08 3.29 0.06 9.54 0.00 
Benzo(g,h,i)perylene 6.95 0.01 5.61 0.02 7.03 0.01 
Total 16 PAHs 4.53 0.02 10.07 0.00 5.79 0.01 
Biomass carbon 10.32 0.00 18.38 0.00 12.70 0.00 
Bacteria 13.80 0.00 131.68 0.00 18.91 0.00 
Fungi 1.74 0.22 52.08 0.00 3.22 0.06 
Urease 9.55 0.00 19.41 0.00 2.75 0.09 
Dehydrogenase 7.40 0.00 4.00 0.03 1.95 0.18 
pH 6.03 0.01 15.09 0.00 18.05 0.00 
EC 3.67 0.04 6.41 0.01 4.65 0.02 
SOM 5.11 0.02 3.95 0.04 13.75 0.00 
Clay 3.70 0.04 4.15 0.03 7.53 0.00 
Silt 1.29 0.34 20.04 0.00 49.72 0.00 
Sand 1.72 0.22 11.18 0.00 27.09 0.00 
Air-dried soil moisture 17.32 0.00 17.90 0.00 14.20 0.00 
Fresh soil moisture 23.96 0.00 40.72 0.00 26.07 0.00 
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There were significant correlations (r>0.8，p<0.001) between most individual 
and the total 16 PAH contents in all the sampling areas, suggesting that the 16 PAHs 
were fairly constant at each sampling area and came from similar sources. There 
were also significant correlations (p<0.05) between most PAHs and SOM in all the 
sampling areas, showing that the vertical and horizontal distributions of soil PAHs were 
Table 4.3 Correlation coefficient matrix of roadside soil microbial characteristics, 
SOM and PAH contents in the 0-10 cm depth and 0-1 m distance from road sampling 
area in Hong Kong (n=5). 
Total 16 SOM 
PAHs 




Naphthalene .921*** .557* . 686" .382 .233 .421 .690** 
Acenaphthylene .576* .839*** .0427 .332 .275 -•.0749 .330 
Acenaphthene .892*** .455 .725** .432 .213 .471 .713** 
Fluorene .902*** .475 .732** .450 .227 .486 .723** 
Phenanthrene .968*** .659** .695** .482 .316 .453 .747** 
Anthracene 983*** •709** .628* .491 .313 .378 .721** 
Fluoranthene 975*** . 706" .673** .625* .409 .464 .807*** 
Pyrene 891*** .815*** .420 .519* .501 .252 .630* 
Benz(a)anthracene 969•本• .731** .595* .642** .387 .387 .765*** 
Chrysene .860*** .842*** .366 .445 .505 .193 .567* 
Benzo(b)fluoranthene 972*** .711** .566* .539* .398 .313 •704** 
Benzo(k)fluoranthene 938*** .835*** .552* .574* .393 .324 .723** 
Benzo(a)pyrene 970*** .689** .574* .610* .332 .326 .738** 
Indeno(l ,2,3-c,d)pyrene .928*** .707** .534* .535* .262 .264 .678** 
Dibenz(a,h)anthracene .840*** .790*** .255 .390 .444 .0603 .451 
Benzo(g,h,i)perylene .724** .826*** .187 .312 .257 -.0227 .458 
Total 16 PAHs .743** .629* .526* .366 .379 .749** 
SOM .422 .357 .344 .296 .576* 
Biomass carbon .510 .211 .883*** .807*** 
Bacteria -.0153 .589* .726** 
Fungi .132 .148 
Urease Ml** 
* Correlation is significant at the 0.05 level (2-tailed). 
** Correlation is significant at the 0.01 level (2-tailed). 
* * * Correlation is significant at the 0.001 level (2-tailed). 
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Table 4.4 Correlation coefficient matrix of roadside soil microbial characteristics, 
SOM and PAH contents in the 10-20 cm depth and 0-1 m distance from road 
sampling area in Hong Kong (n=5). 
Total 16 SOM Biomass Bacteria Fungi Urease Dehydro-
PAHs carbon genase 
Naphthalene .798*** .605* .881*** .594* .221 .667** .451 
Acenaphthylene .715** .546* .102 .410 -.0769 •216 .530 
Acenaphthene .748** .470 .844*** .582* .262 .499 .326 
Fluorene .783*** .492 .818*** .615* .262 All .357 
Phenanthrene .915*** .601* .778** .676** .203 .523 .444 
Anthracene 969*** .660* .631* .657* .183 .441 .540* 
Fluoranthene 918*** .605* .778** .645* .198 .527 .483 
Pyrene 972*** .627* .659* .575* .0993 .490 .481 
Benz(a)anthracene 972*** .697** .663** .672** .155 .542* .595* 
Chrysene 981*** .654* .563* .502 .0743 .494 .478 
Benzo(b)fluoranthene .922*** .667** .424 .376 .179 .416 .441 
Benzo(k)fluoranthene ^12*** .704** .467 .424 .217 .451 .498 
Benzo(a)pyrene 9I9*** .710** .479 .575* .165 .520 .593* 
Indeno( 1,2,3-c,d)pyrene .778** .634* .280 .342 .338 .381 .464 
Dibenz(a,h)anthracene .738** .424 .0685 .0439 .0178 .134 .193 
Benzo(g，h，i)perylene .676** .466 -.0130 .0610 .0601 .137 .281 
Total 16 PAHs .691** .637* .563* .189 .515 .509 
SOM .575* .571* .432 •626* . 8 0 8 … 
Biomass carbon .605* .271 .833*** .397 
Bacteria .106 .552* .618* 
Fungi .0549 .190 
Urease .449 
* Correlation is significant at the 0.05 level (2-tailed). 
•* Correlation is significant at the 0.01 level (2-tailed). 
*** Correlation is significant at the 0.001 level (2-tailed). 
strongly affected by SOM. These correlations were stronger in the 20-40 cm depth 
than the 0-20 cm depth, indicating that the influences of SOM were more on 
vertical distributions of soil PAHs than their horizontal distributions, which was 
probably because that SOM were the most important carrier of PAHs (Chen et al.， 
2003; 2004). 
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Table 4.5 Correlation coefficient matrix of roadside soil microbial characteristics, 
SOM and PAH contents in the 20-30 cm depth and 0-1 m distance from road 
sampling area in Hong Kong (n=5). 
Total 16 
PAHs 




Naphthalene .944*** .788*** .822*** .536* -.175 .650** •749** 
Acenaphthylene .976*** .735** .793"* .620* -.119 .623* .824*** 
Acenaphthene .948*** .647** .863*** .606* -.181 .659** .798*** 
Fluorene .954*** .660** •879*** .610* -.199 .658** .787*** 
Phenanthrene .986*** .755** .822*** .641** -.202 .644** .820*** 
Anthracene 989*** .736** .823 … .612* -.190 .616* .821 … 
Fluoranthene .992*** .771*** .810*** .662** -.204 .660** .836*** 
Pyrene 992*** .842*** .748** .626* -.185 .617* .812*** 
Benz(a)anthracene 992*** .747** .809*** •642** -.197 .634* .838*** 
Chrysene 988*** .860*** .713** .599* -.181 .583* .782*** 
Benzo(b)fluoranthene 991*** .859*** .723** .614* -.161 .586* .798*** 
Benzo(k)fluoranthene .697** .821*** .654** -.188 .654** .850*** 
Benzo(a)pyrene .990*** .734** .802*** .629* -.183 .622* .832*** 
Indeno(l，2，3-c，d)pyrene 994*** .776*** .780*** .621* -.153 .619* .822*** 
Dibenz(a,h)anthracene .908*** .917*** .564* .455 -.161 0.425 .643** 
Benzo(g,h,i)perylene .901*** .907*** .541* .478 -.109 0.434 .636* 
Total 16 PAHs .810*** .784*** .624* -.182 .623* .815*** 
SOM .575* .559* .0148 .562* .683** 
Biomass carbon .525* .0174 . 769*” : .713** 
Bacteria -.0820 .561* . 8 9 8 … 
Fungi .178 -.126 
Urease •653** 
Correlation is significant at the 0.05 level (2-tailed). 
Correlation is significant at the 0.01 level (2-tailed). 
‘Correlation is significant at the 0.001 level (2-tailed). 
The microbial biomass carbon was positively significantly correlated (p<0.05) 
with the contents of most individual PAHs and total 16 PAHs except for samples 
from 2-5 m at 0-10 cm depth, and the correlations were stronger in the 20-40 cm 
depth than the 0-20 cm depth. Similarly, the bacterial counts were also positively 
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correlated (p<0.05) with the contents of the most individual PAHs and total 16 PAHs, 
and their correlations were also higher in the 20-40 cm depth, except for a few PAHs 
in the 30-40 cm layer at 0-1 m from the kerb. There were no significant correlations 
(p>0.05) between the flingal counts and soil PAH contents. Higher concentrations of 
PAHs, which were used by soil microbes as a source of carbon and energy, stimulated 
Table 4.6 Correlation coefficient matrix of roadside soil microbial characteristics, 
SOM and PAH contents in the 30-40 cm depth and 0-1 m distance from road 
sampling area in Hong Kong (n=5). 
Total 16 SOM 
PAHs 




Naphthalene .905*** .773** .813*** .680** .177 .703** .267 
Acenaphthylene .570* .664** .373 .536* .495 .496 .00433 
Acenaphthene .867*** .666** .834*** .565* .00330 .641* .269 
Fluorene .853*** .624* .867*** .513 • ••0319 .646* .218 
Phenanthrene 954*** .778** .845*** .700** .184 .708** .287 
Anthracene .989*** .841 … gl3*** .774** .354 .710** .286 
Fluoranthene .966*** .804*** .862*** .708** .205 .725** .289 
Pyrene 992*** .864*** .850*** .760** .293 .751** .281 
Benz(a)anthracene 995*** . 9 0 7 … .777** 839*** .458 .737** .311 
Chrysene 995本氺• .917*** .802*** .828*** .436 .769** .293 
Benzo(b)fluoranthene .955*** .936"* .709** .869*** .582* •751** .322 
Benzo(k)fluoranthene .906*** .910"* .653* .820*** .570* .704** .269 
Benzo(a)pyrene .900*** .900*** .618* .344*** .618* .679** .278 
Indeno(l ,2,3-c,d)pyrene •776** .830*** All .783*** .678** .586* .246 
Dibenz(a,h)anthracene .876*** .901*** .595* .848*** .674** .682** .273 
Benzo(g，h，i)perylene .712** •804*** •397 .747** .691** .551* .197 
Total 16 PAHs 897*** .819*** .807*** .382 .759** .296 
SOM .678** •858*** .496 . 8 7 9 … . 3 1 2 
Biomass carbon .430 .0560 •787*** .0801 
Bacteria .717** .658** •396 
Fungi .285 .253 
Urease .107 
* Correlation is significant at the 0.05 level (2-tailed). 
** Correlation is significant at the 0.01 level (2-tailed). 
* * * Correlation is significant at the 0.001 level (2-tailed). 
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Table 4.7 Correlation coefficient matrix of roadside soil microbial characteristics, 
SOM and PAH contents in the 0-10 cm depth and 1-2 m distance from road sampling 
area in Hong Kong (n=5). 
Total 16 SOM 
PAHs 




Naphthalene . 906*" .580* .634* .627* .312 .303 .697** 
Acenaphthylene .659* .842*** .366 .199 .0689 .523 .148 
Acenaphthene 794*** .418 .635* .699** .348 .225 .762** 
Fluorene .816*** .449 .686** .736** .374 .245 . 7 8 4 … 
Phenanthrene .922*** .591* .704** .703** .313 .303 .759** 
Anthracene .961*** .672** .657* .634* .276 .366 .692** 
Fluoranthene 951*** .714** .788*** .754** .389 .421 .781*** 
Pyrene 991*** .822*** .653* .563* .234 .454 .616* 
Benz(a)anthracene 949*** 813*** .745** .696** .370 •490 .699** 
Chrysene .948*** .843*** .556* .422 .0794 •411 All 
Benzo(b)fluoranthene 949*•• .850*** •567* .451 .106 .412 .506 
Benzo(k)fluoranthene .944*** .804*** .694** .603* 111 .471 .595* 
Benzo(a)pyrene 952*** .863*** .675** .585* .283 .511 .580* 
Indeno( 1,2,3 -c，d)pyrene 891*** .850*** .456 .290 .0143 .433 .334 
Dibenz(a,h)anthracene .631* .492 .00937 -.178 -.376 .0808 -.0760 
Benzo(g，h，i)perylene .621* .578* .0242 -.193 -.402 .137 -.0630 
Total 16 PAHs .776** •645* .563* .194 .390 .626* 
SOM .699** .510 .432 .659** .468 
Biomass carbon .800*** .623* .518* .609* 
Bacteria .700** .403 .783 … 
Fungi .769*** .517* 
Urease .361 
* Correlation is significant at the 0.05 level (2-tailed). 
Correlation is significant at the 0.01 level (2-tailed). 
•** Correlation is significant at the 0.001 level (2-tailed). 
bacterial and fungal populations (Kanaly and Harayama, 2000; Tuha5kova et al.， 
2001; Baran et al., 2004). Contrastingly, fungal biomass could associate negatively 
with soil PAH concentrations (Blakely et al., 2002), and viable bacterial cell numbers 
may be reduced at higher PAH contents (Andreoni et a l , 2004). SOM may be the 
source of discrepancy, which was strongly associated with microbial biomass carbon 
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Table 4.8 Correlation coefficient matrix of roadside soil microbial characteristics, 
SOM and PAH contents in the 0-10 cm depth and 2-5 m distance from road sampling 
area in Hong Kong (n=5). 
Total 16 
PAHs 




Naphthalene .736** .653** .386 .467 .0516 .471 .249 
Acenaphthylene .660** .548* .503 .552* .485 .270 .247 
Acenaphthene .654** .627* .371 .503 .106 .436 .341 
Fluorene .595* .570* .333 •486 .0678 .411 .302 
Phenanthrene .882*** .727** .440 .630* .298 .415 .382 
Anthracene .869*** .659** .474 .545* .374 .333 .310 
Fluoranthene 942*** .738** .439 .671** .321 .311 .461 
Pyrene .955*** .699** .381 .544* .280 .173 .341 
Benz(a)anthracene .973*** .754** .494 .691** .394 .332 .496 
Chrysene ^20*** .710** .381 .459 .236 .0429 .366 
Benzo(b)fluoranthene •966*** •742** •470 .582* .321 .224 .484 
Benzo(k)fluoranthene .932*** .741** .509 .645** .476 .291 .424 
Benzo(a)pyrene 972*** .772*** .548* .699** .433 .374 .501 
Indeno(l ,2,3-c,d)pyrene .900*** .667** .506 .598* .486 .303 .372 
Dibenz(a,h)anthracene 799*** .559* .228 .139 -.0411 -.0813 .145 
Benzo(g,h，i)perylene .762*** .518* .237 .137 .092 -.130 .169 
Total 16 PAHs . 7 7 9 … . 4 6 8 .603* .307 .276 .414 
SOM .820*** .699** .263 .242 .604* 
Biomass carbon .775*** .417 .430 .633* 
Bacteria .699*" ‘ .545* .544* 
Fungi .208 .134 
Urease .323 
* Correlation is significant at the 0.05 level (2-tailed). 
** Correlation is significant at the 0.01 level (2-tailed). 
*•* Correlation is significant at the 0.001 level (2-tailed). 
and microbial counts in soil (Insam and Domsch, 1988;, Ding et al , 1992; Ovreas 
and Torsvik, 1998). In the present study, SOM was positively correlated with soil 
PAHs, microbial biomass carbon and bacterial counts in most sampling areas, but 
less so with fungal counts, except in areas where fungal and bacterial counts were 
positively correlated (p<0.05). All of the correlations of soil PAH contents and SOM, 
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microbial biomass carbon and bacterial counts were stronger in the 20-40 cm depth 
than the 0-20 cm depth. The soil PAH contents were relatively low, which had less 
influence on soil microbial characteristics. 
Urease activities and soil PAH contents only correlated well at greater soil 
depths. Urease activities were positively correlated (p<0.05) with the concentrations 
of most individual and total PAHs in 20-40 cm depth and 0-1 m from kerb; and 
naphthalene and benz(a)anthracene in 10-20 cm depth and 0-1 m; but not 
significantly correlated(p>0.05) with PAH contents in 0-10 cm soil. Dehydrogenase 
activities were positively correlated (p<0.05) with all individual and total 16 PAHs 
contents in 20-30 depth and 0-1 m distance sampling area; most individual and total 
PAH contents in 0-10 cm depth and 0-2 m distance sampling areas; and anthracene, 
benz(a)anthracene and benzo(a)pyrene in 10-20 cm depth and 0-1 m distance 
sampling area; but not so in 30-40 cm depth and 0-1 m distance and 0-10 cm depth 
and 2-5 m distance sampling areas. Urease and dehydrogenase activities were 
negatively correlated with PAH contents (Gianfreda et al., 2005), and Andreoni et al. 
(2004) also showed that soil enzyme activities were smaller at higher PAH 
concentrations. However, contradictory results were sometimes obtained (Margesin 
et al , 2000a; Baran et al., 2004), which was probably due to the fact that soil 
microbes could use PAHs as substrates, which became more abundant and elevated 
soil enzyme activities (Boopathy, 2000; Kanaly and Harayama, 2000; TuhaCkova et 
al., 2001; Baran et al., 2004). Similar to microbial communities, results of this study 
were also affected by SOM; there were significantly positive correlations (p<0.05) 
between SOM, microbial biomass carbon, bacterial counts, and urease and 
dehydrogenase activities in most sampling areas. Kucharski et al. (2000) and 
Maliszewska-Kordybach et al. (2000) indicated the negative influences of PAHs on 
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enzyme activities, which decreased in soil with abundant SOM, while Baran et al. 
(2004) showed that the influence of PAHs on enzyme activities was related to soil 
total organic carbon. 
When the all data were analyzed together, the correlations of roadside soil PAH 
contents, microbial characteristics and SOM changed (Table 4.9), and were nearly 
always significant (p<0.05) except for a few PAHs and fungal counts and urease 
activities; most were significant at the 0.001 level, suggesting that on the whole, the 
influences of soil PAHs on soil microbial characteristics were positive in this study. 
Soil PAHs could be used by soil microbes as a source of carbon and energy; or the 
soil PAH contents were relatively low and the influences of SOM on soil microbial 
characteristics were probably much greater than those of soil PAHs, and the PAH 
contents were significantly correlated (p<0.001) with SOM. 
4.4 Conclusion 
The concentrations of the 16 soil PAHs generally decreased with increasing 
depths and distances from the road. They decreased abruptly from the 0-10 cm to 
10-20 cm depths but gently in the deeper soil layers, but decreased relatively slowly 
in the horizontal profile, which was largely because 5 m was not great enough to 
distinguish changes in their concentrations. The distributions of roadside soil PAHs 
were mainly affected by SOM, especially their vertical distributions, but they were 
weakly related with the others measured soil physicochemical properties, including 
pH, EC, texture and moisture contents. 
The influences of soil PAHs on soil microbial characteristics, including soil 
microbial biomass carbon, microbial counts, and enzyme activities, were positive and 
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most of them were significant (p<0.05), probably because that soil PAHs could be 
used by soil microbes as a source of carbon and energy, and their influences were 
affected by soil organic matter. 
Table 4.9 Correlation coefficient matrix of roadside soil microbial characteristics, 
SOM and PAH contents in the all sampling area in Hong Kong (n=30). 
Total 16 SOM Biomass Bacteria Fungi Urease ] Dehydro-
PAHs carbon genase 
Naphthalene .884*** 593*** 639*** .384*** .231* 410 … , .533*** 
Acenaphthylene .703*** .731*** 318** .446*** .249* 290** 372*** 
Acenaphthene 341*** 457*** 609*** •400*** .176 356*** 524*** 
Fluorene .861*** .481 … 625*** .438*** .177 375*** 538*** 
Phenanthrene .951*** .643*** 633*** .497*** .238* 409*** 580*** 
Anthracene .675 … 585*** .506*** .237* 383*** 554*** 
Fluoranthene .962*** .711*** 668*** .623*** .303** 478*** 633*** 
Pyrene •943*** .788*** 546*** .546*** .313** 415*** 551*** 
Benz(a)anthracene .958*** .737*** 609*** .645*** .300** 472*•* 610*** 
Chrysene 921*** .831*** 520*** .487*** .318** 406*** 534*** 
Benzo(b)fluoranthene .963*** .776*** 566*** .522*** .298** 434*** 568*** 
Benzo(k)fluoranthene 926*** .757*** 566*** .587*** .298** 447*** 565*** 
Benzo(a)pyrene .935"* .700*** 548*** .601*** .255* 435*** 554*** 
Indeno( 1,2,3 -c，d)pyrene 900*** 719*** 496*** .506*** .255* 403*** 492*** 
Dibenz(a,h)anthracene .795*** .674*** 273* .235* .125 205 277** 
Benzo(g，h，i)perylene .749*** .715*** 252* .228* .136 210 304** 
Total 16 PAHs .754*** 614*** .530*** .274* 435*** 586*** 
SOM 645*** .486*** .479*** 576*** 662*** 
Biomass carbon .543*** .414*** 673*** 692*** 
Bacteria .410*** 445*** 609*** 
Fungi .451*** 405*** 
Urease .500*** 
• Correlation is significant at the 0.05 level (2-tailed). 
** Correlation is significant at the 0.01 level (2-tailed). 
•** Correlation is significant at the 0.001 level (2-tailed). 
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Chapter 5 General conclusion 
5.1 Summary of findings 
In Hong Kong roadside, the concentrations of the 16 priority pollutant PAHs in 
soil, vegetation and dust were investigated. The contamination of soil PAHs was not 
serious comparing with the international soil quality guidelines. When compared 
with the data obtained in other studies, the soil and dust PAH contents were 
relatively low but vegetation PAH contents were of medium levels. The most 
abundant were the PAHs of 4 rings in soils and 3 rings in dust and vegetation. The 
diagnostic ratios of PAH contents indicated the major source of roadside soil PAHs 
was liquid fossil fuel combustion but those of roadside dust and vegetation were hard 
to distinguish, implying that the dust and vegetation PAHs might come from multiple 
sources. 
The correlations among most of the 16 PAH contents were relatively good and 
significant (p<0.001) for soils and dusts but poor for vegetation; the 16 PAHs in soils 
and dusts were fairly constant at different sampling sites and came from similar 
sources but the sources and influencing factors for vegetation were probably different 
and fairly complicated for different species and tissues at different sampling sites. 
The relationship of vegetation, dust and soil PAH contents were poor and only a few 
of them had significant correlations (p<0.05), which were probably because the 
PAHs uptake by plants were affected by multiple factors and some dust samples 
were contaminated by vegetation fragments. 
The PAH contents were not positively correlated (p>0.05) with AADT, which 
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was probably because the AADT failed to represent the capacity of vehicle exhaust， 
their relationships were masked by SOM contents and the roadside PAH 
contamination by vehicle exhaust may not be serious in Hong Kong. 
There were significant correlations (p<0.05) among soil PAH and SOM 
contents, but hardly significant correlations between soil PAH contents and other 
measured soil physicochemical properties (including moisture, pH，EC and texture). 
There were also no significant correlations (p>0.05) of the PAH contents in 
vegetation and dust, and the measured soil physicochemical properties. The 
influences of soil PAHs on soil microbial characteristics, including soil microbial 
biomass carbon, microbial counts, and enzyme activities, were positive and most of 
them were significant (p<0.05), which were probably because that soil PAHs could 
be used by soil microbes as a source of carbon and energy, but their influences could 
be affected by SOM. 
Seasonal changes in the soil concentrations of PAHs were small and only a few 
of them had significant seasonal variability (p<0.05). Most of them had the highest 
values in summer (Jul 2005), probably because of heavy rainfall in summer. Soil 
PAH contents did not significantly increase and most of them were lower in Jan 2006 
than in Jan 2005, implying low PAH accumulation in roadside soil in Hong Kong 
within one year. 
The concentrations of the 16 soil PAHs generally decreased with increasing 
depths and distances from road, although there were few significant (p>0.05) 
variations among them. They decreased sharply from 0-10 cm to 10-20 cm, and 
slowly in the deeper soil layers, while they decreased relatively slowly in the 
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horizontal profile, which was largely because 5 m distance was not great enough to 
distinguish changes in their concentrations. The distributions, especially vertical 
distributions, of roadside soil PAHs were mainly affected by SOM, but they were 
weakly related with the others measured soil physicochemical properties. 
PAH contamination of roadside soil in Hong Kong appears not serious, but it is 
not sure if the pollution level will change if the source of PAHs increase and the 
vehicular fuels change. Tentatively, regarding PAH pollution, remediation is not 
？ 
needed for the roadside soil in Hong Kong. The roadside vegetation PAH contents 
were of medium levels in comparison with the results of other studies, which was 
probably because vegetation PAHs mainly came from atmosphere and represented a 
medium to long term accumulation of PAH. 
5.2 Limitations of the study 
In this study, the intensity of traffic as reflected by AADT may not be 
accurately indicative of PAH pollution level. AADT only shows the number but not 
the kinds of vehicle which have different capacities m vehiclular emission, and 
consequently there were no positive significant correlations (p>0.05) between PAH 
contents and AADT. In future study, the AADT of different kinds of vehicles should 
be taken into account. 
For the vertical and horizontal distributions of soil PAHs, the distance and 
depth may be rather small to cause significant differences, especially in horizontal 
profile. The population of Hong Kong is about 6.8 million, but the total area is only 
1100 km� and most are hilly, so the roadside sites could not have greater distance for 
sampling and it is also difficult to collect deeper samples. The pattern of PAHs in 
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roadside soil was strongly affected by SOM, which needs extra precautions in data 
interpretation. It is advisable to install pots that contain the same soils on roadsides to 
examine the pollution of vehicle emissions on roadside soils. 
The four vegetation species, Acacia confusa, Leucaena leucocephala, 
Neyraudia arundinacea and Paspalum notatum, may not be appropriate to monitor 
the PAH pollution trends, but they were selected as they were found at all the 
sampling sites studied. 
5.3 Implications for further studies 
In this study, although PAHs in roadside soil and dust were relatively low, 
PAHs in roadside vegetation were of the medium levels in comparison with the 
results of other studies; while other studies indicated PAHs in atmosphere in Hong 
Kong were relatively high (Zheng et al., 1997; Panther et al.，1999; Lee et al.，2001; 
Ho et al., 2002; Ho and Lee, 2002), implying that vegetation PAHs mainly come 
from atmosphere and control measures are needed foi PAH pollution in the 
atmosphere in Hong Kong. Therefore further studies on phytoremediation for PAH 
pollution is significant and related studies, such as the mechanism of PAH uptake by 
plants and their transformation in plant tissues, are recommended. The PAH 
pollution in the atmosphere is relatively high, but this is not shown in the soil, which 
is probably btt;ause of the high soil temperature, moisture and microbial activity 
promoting the volatilization and degradation of soil PAHs, but the actual reasons 
have not be'vn fully understood, so further research in PAH transformation in the 
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